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ABSTRACT 
  
 The main objectives of this dissertation are: (1) developing a method to study the in situ 
growth dynamics of the interfacial polymerization of polyamide for thin-film composite reverse 
osmosis membranes using diffuse reflectance spectroscopy, Rutherford backscattering 
spectrometry (RBS), and atomic force microscopy (AFM); (2) quantifying the effects of 
trimesoyl choride (TMC) and m-phenylenediamine (MPD) monomer concentrations on the 
polyamide charge concentration in the near-surface region by X-ray photoelectron spectroscopy 
(XPS) and in the bulk by RBS; and (3) proposing a technique for measuring polyamide 
structures using wide-angle X-Ray scattering (WAXS).  While developing these objectives, the 
goal is to characterize the polyamide layer formed on the polysulfone support, without physical 
or chemical removal, so that it is close to its native form, which has been used in industrial 
reverse osmosis applications.   
 Growth dynamics by diffuse reflectance spectroscopy was developed for the 
polymerization of polyamide on porous polysulfone supports using varying concentrations of m-
phenylenediamine (MPD) in water of 0.1– 100 g/L with a fixed concentration of trimesoyl 
chloride (TMC) in hexane of 1 g/L, and varying TMC concentrations of 0.1–10 g/L with a fixed 
MPD concentration of 20 g/L.  A relationship was developed between diffuse reflectance and 
polyamide thickness. The diffuse reflectance data shows that ~50% of the polyamide thickness is 
produced in < 2 s for all TMC concentrations studied and for MPD concentrations >2 g/L.  All 
studied concentrations of TMC at a fixed 20 g/L MPD concentration produced a polyamide 
thickness of ≈120 nm.  Polyamide thickness increases from ≈10 to 110 nm with increasing 
concentration of MPD at 1 g/L TMC. The roughness measured with AFM increases with 
increasing MPD concentration but decreases with increasing TMC concentration. At MPD 
concentrations <0.5 g/L, polyamide does not grow on top of the polysulfone. 
 The charge density of polyamide layers arises from unpolymerized free amine and 
carboxylic groups contributing positive and negative charges, respectively.  The negative charge 
groups from carboxylic acid were tagged with Ag+.  Using the same concentration ranges as the 
growth dynamics study, the charge densities were characterized in the bulk by RBS and in the 
near-surface by XPS.  With increasing concentration of MPD, the charge density in the near-
surface region is constant and ≈0.3 M, due to constant surface contact with the carboxylic acid 
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containing TMC monomer.  The charge density decreases from 0.3 M to 0.1 M in the polyamide 
bulk with increasing MPD concentration.  TMC showed a 30× increase in charge density from 
0.02 to 0.61 g/L in the bulk polyamide between 0.1 g/L TMC and 10 g/L TMC.  The near-
surface charge density also increases with increasing TMC concentration.   
 Charge density was determined in the bulk RBS on membranes at varying pH between 
3.5 and 10.5.  These membranes show a good fit to a two pKa system, except the highest TMC 
concentration studied of 5 g/L which followed a one pKa system.  Fitting the pH data using the 
pKa system shows that the total concentration of carboxylic acid groups decreases from 0.42 to 
0.20 M with increasing MPD concentration.  The decreasing carboxylic acid content is due to a 
higher concentration of MPD monomers.  The total concentration of carboxylic acid groups 
increases with from 0.05 to 0.51 M with increasing TMC concentration.  The concentration of 
TMC has a large effect on the charge density with the highest pH of 10.5 resulting in the highest 
measured charge density for each concentration increasing from 0.04 M to 0.55 M for 0.1 g/L to 
5 g/L TMC.  
 Grazing incidence small- and wide-angle X-ray scattering (GISAXS and GIWAXS) were 
successfully used to study the supported polysulfone ultrafiltration membrane and polyamide on 
polysulfone reverse osmosis membrane.  In the GISAXS region we used the Guinier 
approximation in the very low-Q region of 0.001 Å-1 < Q < 0.006 Å-1 to determine a radius of 
gyration for the polymer chains of 83 Å for polysulfone and 80 Å for polyamide on polysulfone.  
We also observed linear regions between 0.011 Å-1 < Q < 0.016 Å-1 fit to I(Q) α Q-1.8, which 
corresponds to mass fractal clusters of the size d ~ 570 Å.  Linear regions in GISAXS of I(Q) α 
Q-3.7 for polysulfone and Q-3.6 for polyamide on polysulfone were observed, which correspond to 
the Porod regime for smooth internal polymer interface sizes between 392.7 nm < d < 523.6 nm.  
The size of the interface is larger for higher incidence angles, which penetrate deeper into the 
porous structure of polysulfone.  For loose, unsupported polyamide, a broad correlation peak 
centers at 1.34 Å-1, which corresponds to the average molecular spacing, or void size, of 
d = 4.7 Å.   
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CHAPTER 1 
INTRODUCTION AND BACKGROUND 
1.1 Abstract 
 Polyamide is a common polymer used for the active layer of thin-film composite reverse 
osmosis membranes [1].  Thin-film composite membranes are composed of polyamide prepared 
by interfacial polymerization on a porous polysulfone and fabric backing, used for mechanical 
support.  Composite membranes from m-phenylenediamine (MPD) and trimesoyl chloride 
(TMC) monomers were first introduced as FT30 by Dow/FilmTec.  This monomer system is still 
dominant in commercial manufacturing and research; however, new chemistries have been 
shown to allow the control of the polyamide rejection properties for specific applications via 
additives or alternate monomers [1-4]. 
 Interfacial polymerization produces polyamide layers ~100 nm thick [5,6].  Separation of 
this thin layer from the polysulfone layer is a complex process and can only be done chemically 
[7,8].  In addition to difficult isolation, the thin polyamide is insoluble and is not 
morphologically or compositionally uniform; these properties make characterization of the 
polyamide layer challenging [9].  An isolated polyamide layer removed from the support is 
flimsy and fragile, yet the relatively bulky support layers prevent the use of many analysis 
techniques for characterization as the support layers dominate measurement results.   
 One of the goals of this dissertation research was to develop methods to characterize the 
polyamide layer formed on the polysulfone support without additional isolation steps for removal 
from the support.  In this way, the characterized polyamide is close to its native form as used in 
industrial reverse osmosis applications.  This section gives the background and motivation to 
study the growth dynamics of in situ interfacial polymerization, the charge density 
characterization in bulk and near-surface regions, and the molecular structure of supported 
polyamide membranes.  
1.2 Interfacial Polymerization Kinetics 
 The polyamide for a membrane prepared from MPD and TMC is shown in Figure 1a.  
The polymer unit of polymerization extent n is for a fully cross-linked structure.  The unit 
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labeled n-1 is for a partially cross-linked structure with a free carboxylic acid end group.  
Additionally, free amine groups can remain unpolymerized in the polyamide structure.  Figure 
1b shows the polymer structure of the polysulfone support layer.  
(a)  
(b)  
Figure 1: (a) Polyamide formed from m-phenylenediamine (MPD) and trimesoyl chloride 
(TMC).  The structure indicated with n is for a fully cross-linked polyamide while n-1 is for a 
partially cross-linked unit with a free carboxylic acid end group. (b) Polysulfone.  
Polyamide is formed by exposing the polysulfone and fabric support to MPD dissolved in 
water so that MPD fills the polysulfone pores.  Then the MPD-soaked support is exposed to 
TMC dissolved in an organic solvent.  Polyamide is formed at the interface between the aqueous 
MPD and organic TMC solutions: the surface of the polysulfone support.  Most theoretical 
studies of the process have concluded that the growth rate of the polyamide layer is limited by 
diffusion of the aqueous-phase monomer through the newly-formed polyamide [10-18].  If the 
diffusion constant of the aqueous-phase monomer in polyamide is constant, then these models 
predict that the growth rate of the polyamide layer will scale as and that the thickness will 
scale as , where t is the polymerization time.  However, the assumption of a time-independent 
diffusion constant is not rigorous because the density of the polyamide layer is thought to 
increase with time.  Multi-staged models have been developed to take this fact into account.  
Freger described a three-stage model involving incipient film formation, a slow-down step, and 
diffusion-limited growth [12,13].  Nadler and Srebnik studied the initial stages of film formation 
during which the reaction is not diffusion-limited [19].  Other multi-stage models have been 
developed [20-23]; a summary of the literature up to 2006 is given by Berezkin and Khokhlov 
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[24].  Most of these models are based on the assumption of a homogeneous aqueous phase; only 
Ji et al. [14] explicitly include the polysulfone support in their model.   
Several efforts have been made to measure the kinetics of the growth of an interfacially 
polymerized layer.  In the studies by Tsai and Lee [25] and Wang et al. [26], the salt of the 
aqueous monomer was separated and the concentration measured by UV spectroscopy.  Both 
studies showed that the reaction rate depends on the concentrations of the monomers.  Wang 
et al. concluded that the rate-limiting step of the synthesis was the reaction between the two 
monomers in the bulk organic solvent after transport of the aqueous monomer through the 
interface, rather than rate of mass transfer of the monomers in their individual solvents.  In 
related studies, changes in the concentration of the aqueous monomer during microencapsulation 
in a polyurea shell were monitored through changes in pH [27,28].  Yadav et al. [27] concluded 
that for relatively thin films, the overall rate is controlled by the rate of the reaction between the 
two monomers.  For thicker films, they concluded that the overall reaction rate is controlled by 
diffusion of the aqueous monomer through the newly formed polymer layer.    
Chai and Krantz [29] used optical light reflectometry and pendant-drop tensiometry to 
study unsupported interfacial polymerization of MPD and TMC at the water-hexane interface.  In 
their reflectometry measurements, polymerization was initiated by pipetting the organic phase 
into the aqueous phase; the first several seconds of the reaction were obscured by the disturbance 
of the fluids produced during pipetting.  They concluded that at low TMC concentrations, the 
reaction rate was limited by mass transfer of the TMC monomer in the organic solvent; at high 
TMC concentrations, they observed that the kinetics of interfacial polymerization was limited by 
the diffusion of MPD through the polyamide layer.  For low MPD concentrations they concluded 
that the interfacial polymerization is occurring toward the aqueous phase.  They also observed 
that the properties of the polyamide layer continued to change for  >300 s after reaching the 
maximum thickness and attributed this behavior to further cross-linking, i.e., the formation of 
linkages between high molecular weight linear macromolecules [30], in the polyamide layer.   
Khare et al. [31,32] used pendant-drop tensiometry to measure the viscoelastic behavior 
and transport properties of unsupported polyamide layers formed by 20, 60, and 300 seconds of 
interfacial polymerization.  Khare et al. used the distribution of mechanical relaxation times to 
determine the relative degree of cross-linking and branching [30] that occurs simultaneously with 
the formation of linear polyamide chains.  Khare et al. found that the cross-linking density 
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increased with TMC concentration up to a maximum at 0.1 wt%, followed by a decrease in 
cross-linking density with increasing TMC concentration.  Additionally, the degree of branching 
and polydispersity increased with TMC concentration.  At high TMC concentrations, branching 
predominates over cross-linking.  At low concentrations of MPD, a lower degree of cross-linking 
occurred with more branching; at higher MPD concentrations of 1 – 4 wt%, a relatively constant 
degree of cross-linking and branching was observed.  Cross-linking significantly increased 
between 20 and 60 s, then no significant increase was observed after 60 s for the studied 
concentrations of 0.1 and 0.5 wt% TMC at a constant 2 wt% MPD concentration. 
A study of unsupported polyamide layers by Jin and Su [33] using Fourier transform 
infrared spectroscopy also revealed cross-linking within the polyamide layer by quantifying 
pendant carboxylic acid groups as a function of monomer concentrations, reaction times, and 
temperature.  In agreement with Khare et al., Jin and Su found that lower concentrations of MPD 
produce a lower degree of cross-linking; the network becomes more cross-linked with higher 
MPD concentrations.  Additionally, in the range of TMC concentration studied by Jin and Su, the 
amount of carboxylic acid groups increased with increasing TMC concentration, suggesting 
increased branching as also reported by Khare et al.  Jin and Su observed an increase in 
polyamide film thickness with increasing MPD and TMC concentrations.    
 To gain further insights on polyamide growth kinetics and improve on the time-resolution 
of prior studies, we used in-situ diffuse reflectance spectroscopy to monitor the growth of 
polyamide in real-time.  We also measured the average thickness of the same membranes ex-situ 
by Rutherford backscattering spectrometry (RBS) and characterized the surface morphologies by 
atomic force microscopy (AFM). 
1.3 Polyamide Charge Density 
 The density and charge state of functional groups in the membrane active layer has 
proven to play an important role in the flux (the flow of liquid through a membrane) and 
rejection (the ability for a membrane to remove contaminants from feed water).  In particular, the 
number of deprotonated acid groups was found by Rao et al. to increase the hydrophilicity of the 
membrane, which increased water flux through the membrane [34].  Figure 1a showed the 
neutral polyamide structure.  Figure 2a shows the free carboxylic acid groups forming an anionic 
membrane, and Figure 2b shows the free amine groups forming a cationic membrane.  Since 
polyamide has both positive and negative characteristics, it is considered to be an amphoteric 
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membrane.  Increasing the number of carboxylic acid groups increases the hydrophilicity of a 
membrane.  Hydrophilic acid groups attract water which swells the membrane voids and allows 
for higher flux by increasing the diffusion kinetics [1,34,35].  It should be noted that charge does 
not solely come from fixed membrane charges from the amphoteric membrane.  Rather, 
membranes can acquire charge from several mechanisms that include, but are not limited to: (1) 
dissociation of functional groups and (2) adsorption of ions, surfactants, and foulants from 
solution [36,37].  However, here we focus on the membrane charge of the polyamide layer 
introduced from chemical modifications and solution pH. 
(a)  
(b)  
Figure 2: Amphoteric properties of polyamide where (a) shows the negatively charged free 
carboxylic acid group and (b) shows the positively charged free amine group. 
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1.3.1 Charge Effect on Flux  
 In order to enhance this effect of hydrophilicity on water flux, the introduction of an 
increased density of carboxylic acid groups in the backbone of polyamide has been the focus of 
many studies for polyamide modification [38-40].  Gupta et al. introduced 3,5-diaminobenzoic 
acid (DABA), Figure 3a, as an alternative to MPD in order to include a built-in hydrophilic 
carboxylic acid group for improved water flux [39].  Ahmad et al. included DABA as a mixture 
with piperazine (PIP, Figure 3b), a common monomer used in nanofiltration membranes, which 
were interfacially polymerized with TMC [38].  In an extensive study by Roh et al., different 
acyl chlorides including TMC were interfacially polymerized with four separate 
diaminebenzenes, including MPD and DABA [40].  Gupta et al., Ahmad et al., and Roh et al. 
observed an increase in flux which they attributed to the increased hydrophilicity of the 
membrane although Ahmad et al. also suggest that the addition of DABA produces a less dense 
structure with larger pore sizes which would also lead to increased flux [38-40]. 
(a)   (b)  
Figure 3: (a) 3,5-diaminobenzoic acid (DABA), used as a replacement for m-phenylenediamine 
(MPD) in order to include a hydrophilic carboxylic acid group in reverse osmosis membranes, 
and (b) piperazine (PIP), a common monomer used for nanofiltration active layers.  
1.3.2 Charge Effect on Salt Rejection 
 Most models of transport and rejection in membranes include some form of Donnan 
exclusion in which part of the rejection is influenced by electrostatic interactions between fixed 
membrane charges and ions in solution [37,41-44].  By Donnan exclusion, co-ions, ions with the 
same charge as the membrane, will be rejected from the membrane while counter-ions, ions of 
opposite charge to the membrane, will enter the membrane in order to maintain electroneutrality 
[43].  Due to the concentration difference of ions, a Donnan potential is generated at the interface 
between the membrane and the solution.  The Donnan potential attracts counter-ions to the 
surface while repelling co-ions [37].  In order to examine the principles of Donnan exclusion and 
steric (size) hindrance, anionic, cationic, and neutral membranes have been extensively studied 
for the influence of charge on rejection [13,37,38,40,41,45-47].  
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 Donnan exclusion and steric (size) hindrance have successfully been used to predict and 
explain many experimental results.  Lipp et al. measured rejection of FT-30 polyamide reverse 
osmosis membranes, known for its anionic surface charge [46].  Lipp et al. observed a rejection 
order of Na2SO4>NaCl>NaNO3 which follows Donnan exclusion since the sulfate ion has a 
higher negative charge than chloride or nitrate ions and the chloride ion has a larger hydration 
radius than nitrate (steric hindrance for chloride is greater).  Rejection of cations and anions also 
increased with increasing pH of the solution, which was attributed to the increasingly negative 
charge of the membrane in the basic solution.  Peeters et al. studied the rejection dependence on 
various salts for 21 different anionic and cationic commercial nanofiltration membranes [37].  
Peeters et al. observed that the rejection of all of the studied membranes could be explained by 
either Donnan exclusion or by a combination of Donnan exclusion and steric effects.  Veríssimo 
et al. prepared membranes with PIP (Figure 2b) and three other similar amine monomers 
polymerized with TMC which produced two negatively charged, one near neutral, and one 
positively charged membrane at pH 6 [45].  Veríssimo et al. observed an increase in salt 
rejection as Na2SO4>MgSO4>NaCl for the two negatively charged and the near neutral 
membranes and MgSO4>NaCl>Na2SO4 for the positively charged membrane which follows 
Donnan exclusion and steric hindrance.   
1.3.3 Solution pH 
 By Donnan exclusion, increasing the negative functional group concentration would lead 
to an increase in rejection of salts.  One way in which the concentration of charged groups in the 
membrane are modified is simply from the pH of the feed water solution.  The hydrolyzed state 
of both amine and carboxylic acid functional groups is dependent on the pH of the feed water 
used during separation applications since the water pH will cause protonation and deprotonation 
in the membrane.  Of interest for amphoteric membranes is the isoelectric point, the pH at which 
the membrane is neutrally charged.  At the isoelectric point the total number of negatively 
charged carboxylic acid groups and positively charged amine groups are equal.  Coronell et al. 
determined the isoelectric point of FT30 to be ~4.7 [48].   
 Membrane charge has been attributed to changes in electrostatic repulsion, causing an 
increase in pore size and affecting flux and rejection [36,49].  Because natural waters vary in pH 
for purification needs, knowing the membrane’s isoelectric point helps establish the pH range at 
which the membrane is most effective for removing specific types of contaminates.  If a 
8 
membrane is best used for its anionic properties, the pH range at which the membrane is anionic 
would need to be known for applications.  For example, it has been shown that negatively 
charged membranes may reduce fouling from negatively charged foulants and positively charged 
membranes may reduce fouling from positively charged foulants [50,51].   
1.3.4 Monomers for Charge Modification 
 Modifications of polyamide active layers are continuously being studied for improvement 
of flux and rejection and tailoring for specific applications, i.e. removal of specific salts or use 
with solvents other than water.  Modifications have been performed by replacing the amine or 
acyl chloride with alternatives, by adding modifiers such as surfactants before polymerization or 
to feed water to alter the contaminant interaction with the membrane, or by post treatment such 
as bleaching or additional monomer grafting to modify the layer after its formation.  There are 
several good reviews that describe these modifications: [1,3,4,50-52].  This review will focus on 
the use of DABA, Figure 3a, and 3,3’,5,5’-biphenyl tetraacyl chloride (mm-BTEC), Figure 4. 
 
Figure 4: 3,3’,5,5’-biphenyl tetraacyl chloride (mm-BTEC) is used as a replacement for 
trimesoyl chloride (TMC) in order to increase the hydrophilic carboxylic acid groups in reverse 
osmosis membranes.  
 Current research of membranes prepared from DABA for modification of nanofiltration 
membranes was described in the previous sections.  Low concentrations of DABA with PIP have 
been proven to be beneficial in the introduction additional carboxylic acid groups.  However, 
Ahmad et al. saw a reduction of carboxylic acid groups at concentrations >0.20% DABA in a 
PIP nanofiltration membrane which they attributed to ionic bonding within the polymer [41].  
The studies of DABA addition to membranes by Ahmad et al. and Roh et al. showed a reduction 
in salt rejection with increased incorporation of DABA [38,40].  Ahmad et al. showed that the 
addition resulted in a salt rejection of MgSO4>Na2SO4>MgCl2>NaCl [41].  Donnan exclusion 
and steric hindrance predicts Na2SO4>MgSO4 and NaCl>MgCl2 for which the higher valence 
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counter-ion leads to lower rejection of the salt.  This discrepancy was attributed to a 
heterogeneous charge distribution throughout the membrane or from dielectric exclusion 
[13,41,47].  Although this membrane showed poor salt rejection in the studies by Ahmad et al. 
and Roh et al., it was chosen for its ability to increase flux via the introduction of carboxylic acid 
groups and its structural similarity to MPD.  To date there have been no studies on the resulting 
polymer from mixtures of DABA and MPD interfacially polymerized with TMC. 
 Li et al. synthesized several biphenyl acyl chlorides including mm-BTEC, Figure 4 
[53,54].  With the addition of an extra acyl chloride compared to TMC, mm-BTEC has the 
potential to produce membranes that are more hydrophilic.  Using this monomer, Li et al. 
expected a membrane with an increased water flux but instead observed a lower water flux than 
with pure TMC.  The lower water flux was attributed to mm-BTEC producing a more rigid 
polyamide and more cross-linking with the additional acyl chloride.  However, the use of 
biphenyl acyl chlorides did show an increase in salt rejection over TMC membranes, also likely 
due to more cross-linking.  Of the biphenyl acyl chlorides studied by Li et al., mm-BTEC 
showed the highest salt rejection and lowest flux.  It was chosen over the other biphenyl acyl 
chlorides prepared by Li et al. because it can be synthesized in the lab and because it has 
superior hydrophilicty and increased rejection over TMC.   
1.3.5 Charge Characterization 
 As studies continually proved the importance of hydrophilicity on membrane flux and 
charge on salt rejection, an increasing number of methods were developed in order to 
qualitatively and quantitatively determine the polyamide net charge (whether the membrane has 
an overall positive or negative charge) and charge density of each ion (amount of cations and 
anions in the volume studied).  These methods have mainly been divided into two categories: (1) 
surface characterization and (2) bulk characterization.  Both categories complement each other, 
and no single method has proven to fully characterize the charge distribution in a membrane.  
Most methods to study membrane charge are qualitative measurements for net membrane charge 
[33,34,36,38,45,49,55-60].  There have been recent developments in the quantification of charge 
groups at the polyamide surface (i.e., in the near-surface region <10 nm) and in the bulk of 
commercially produced membranes [48,61,62].  The effect of the composition of the membrane 
for comparing the surface and bulk charge has not been systematically studied on laboratory 
prepared membranes in which every additive is known.  Our work will focus on quantifying the 
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effect of known compositional changes on charge density.  The results from this studying the 
near-surface and bulk charges separately can be used in future research to determine whether the 
location of charges affects water flux and salt rejection.   
1.3.5.1 Near-surface Charge Density 
 X-ray photoelectron spectroscopy (XPS) characterizes the top ~6 nm of polyamide 
surfaces, so it can be susceptible to contamination from aliphatic carbons and water from air 
[6,57].  The escape depth of photoelectrons limits the depth of surface characterization.  Tang 
et al. studied several commercial polyamide membranes that are described by their 
manufacturers as “fully aromatic,” meaning completely cross-linked [63]. Their XPS results 
showed two groups of membranes: (1) those with an O/N ratio of close to 1, the theoretical value 
for fully cross-linked membranes, and (2) those with an O/N ratio of less than 1, indicative of 
incomplete cross-linking.  BW30, a membrane similar to FT30, fell into the category of 
incomplete cross-linking.  Tang et al. indicated that this could also be from undisclosed 
proprietary modifications by the manufacturer, such as an additional coating on top of the 
polyamide surface.  Coronell et al. also studied commercial membranes by XPS, but the 
membranes were treated with silver nitrate to tag negatively charged carboxylic acid groups with 
Ag+ by ionic bonds [61].  Coronell et al. indicated that FT30 was coated and thus could not be 
compared by the O/N ratio for the extent of cross-linking.  However, since the membranes were 
also tagged with Ag+, they were able to quantify the concentration of carboxylic acid groups.  
Overall, Coronell et al. determined by XPS that there is a reduced concentration of amine links at 
the surface, and that this is likely due to the increased concentration of free carboxylic acid 
groups [61].  There have been no systematic XPS studies of the cross-linking extent of 
polyamide membranes prepared in a laboratory in which the monomers and additives used for 
membrane preparation were fully controlled.   
1.3.5.2 Bulk Charge Density 
 Rutherford backscattering spectroscopy (RBS) for characterization of membrane samples 
was first introduced by Bartels [6].  RBS analysis uses 2 MeV He+ ions which penetrate ~1-2 µm 
into the sample making it a good technique for quantitative bulk polyamide characterization.  In 
several studies by Coronell et al. polyamide layers were treated with a silver nitrate solution or 
sodium tungstate solution to tag membrane functional groups [48,61,62].  Ag+ ionically bond to 
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negatively charged carboxylic acid groups while WO42- ionically bond to positively charged 
amine groups.  Coronell et al. showed that the negative charge concentration in the membrane 
increased and positive charge concentration decreased with increasing pH [48].  Coronell et al. 
studied several different commercial nanofiltration and reverse osmosis membranes by this 
method to report elemental concentrations, thickness, carboxylic acid and amine concentrations, 
and isoelectric points [62].  One study also compared the depth heterogeneity of functional 
groups by comparing results of XPS to RBS [48].  In this study FT30 has a lower carboxylic acid 
content by XPS (surface) than by RBS (bulk) by comparison of O/N ratios, which is contrary to 
the study by Freger that indicated polyamide membranes have a high density of negative charges 
at the surface [59].  This discrepancy is due to commercial FT30 having a polyvinyl alcohol 
coating, which would interfere with the surface measurements.  Since Coronell et al. also Ag+ 
tagged the membranes, they were able to compare XPS to RBS concentrations of Ag+ to 
determine that, in fact, the concentration of carboxylic acid groups is higher at the surface [61].  
Overall, Coronell et al. concluded that commercial membranes exist which are either depth 
heterogeneous or depth homogeneous with respect to functional groups.     
1.4 Polyamide Structure 
 There have been a few studies of the internal structure of polyamide reverse osmosis 
membranes, in the micrometer to nanometer length scale, using synchrotron small-angle X-ray 
scattering (SAXS) and small-angle neutron scattering (SANS).  In X-ray and neutron scattering, 
the wave-vector Q is related to the d-spacing, spacing between scattering objects in a material by 
.  The scattering angle θ, the angle between incident rays and scattered planes, is 
related to the d-spacing by Bragg’s law , in which n is an integer and λ is the 
wavelength of the source ray.   
 In an X-ray scattering experiment, signal arising from the sample of interest and 
background (solvent, air, sample cell, etc), I, is collected as a function of the wave vector Q as: 
I(Q) α P(Q)S(Q).  P(Q) is the form factor that is sensitive to shape and size of scattering objects 
and typically dominates the scattering signal at low Q (ultra small- to small-angle X-ray 
scattering regime, ca d >10 nm). The structure factor S(Q) dominates the wide-angle X-ray 
scattering (WAXS) regime and conveys information about ordering at smaller length scales 
(d < 10 nm) and probes periodicity between scattering objects and sample crystallinity.   
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 In the USAXS and SAXS regimes, data is often analyzed by standard linear Guinier-
Porod plots to obtain estimates of “particle size“ (radius of gyration) as well as surface 
properties [64].  In the very low-Q regime, the root mean square radius of gyration  of an 
aggregate can be used to determine the radii for morphologies such as spheres, cylinders, rods, 
disks, etc. [64]; i.e., for a sphere with radius R,  .  The relation of I(Q) and Q with 
RG is given by the Guinier approximation [64,65]: 
       (1) 
A Guinier plot of log(I(Q)) vs. Q2, in this approximation, gives a linear graph in which the 
intercept is given by I0 and the slope is used to determine the radius of gyration for a polymer 
aggregate.  The radius of gyration is attributed to distances from the center of mass of an 
aggregate [64].   
 In the Porod regime at low-Q, scattering is mainly from aggregate interfaces with solvent.  
A log-log plot of I(Q) vs. Q gives a straight line with the slope’s scaling dependent on the 
surface smoothness [64,66].  Typical examples of surface properties which can determined are: 
1) scattering of spheres that give rise to a characteristic flat region at low-Q while the high-Q 
part decays as I(Q) α Q-4, if the surface of the spheres is smooth; 2) Gaussian polymer chains, for 
which the probability distribution of the polymer chain end-to-end distance in an ideal polymer 
chain is given by a Gaussian distribution, will result in a low-Q dependence of I(Q) α Q-2; 3) the 
form factor for disks shows a low-Q region varying as I(Q) α Q-2; and 4) cylinders give rise to 
I(Q) α Q-1.  If the surface of the disks or cylinders are smooth, the low-Q region decays as 
I(Q) α Q-4.  Rough surfaces give rise to exponents that stray from -4 in the Porod regime.  
Fractals, characterized by self-similarity (structurally identical) within a spacial range, are given 
by S(Q) ~ Q-D, in the Porod regime, where D is the fractal dimension [67].  Fractal dimensions 
larger (less negative) than D~-3 arise for ‘mass fractals,’ while D between -3 and -4 are for 
‘surface fractals.’  Equation 2 is for larger mass fractal structures [64,65,68]: 
          (2) 
A slope of -2 to -3 in log-log of I(Q) vs. Q indicates a mass fractal structure for low-Q range <0.5 
Å-1 [67].  If the spacial scale of the fractals fall below 1000 Å, small-angle scattering is useful for 
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determining the fractal dimension [67].  Since mass fractals relate to molecular units, the 
scattering vector range does not extend to higher-Q, which would correlate to the atomic 
separations ranges [67].   
 Sundet used SAXS to study the packing and structure for MPD/TMC prepared polyamide 
rejection layer [69].  These polyamide layers were prepared on a polysulfone support but were 
chemically removed with methylene chloride to isolate the polyamide layer.  Sundet observed 
broad distributions in the SAXS spectra, in which a log-log plot of I(Q) vs. Q had a slope of -2.5, 
which were attributed to low-density mass fractal structures >50 nm (Q < 0.012 Å-1). 
Additionally, Sundet observed characteristics of smooth colloidal particle structures with a slope 
of -4 at <50 nm (Q > 0.012 Å-1).  Sundet concluded that the packing and structure of polyamide 
is disordered with the lower density fractals providing support for a close packing of polyamide 
particles.  This analysis of I(Q) vs. Q slope for describing fractal structures in polymers is 
common; a good summary of this analysis for polymer science is given by Roe [70]. 
 Singh et al. have produced a series of publications using Synchrotron SANS and SAXS 
on polyamide layers which also focus on the analysis of fractal structures [66,68,71].  In the 
2007 and 2011 publications, polysulfone supported polyamide layers were studied by SANS in 
the scattering vector range of low-Q between 0.018 – 0.35 Å-1 [66,71].  In the 2012 publication 
the polyamide was prepared from unsupported monomer solutions in a cylindrical cell and were 
studied by SAXS in the range of high-Q between 0.03 – 1.5 Å-1 and low-Q between 0.003 – 
0.18 Å-1 [68].  For the supported polyamide observed by SANS in the 2007 and 2011 
publications, Singh et al. observed that the scattering profiles were dominated by scattering from 
the polysulfone support which has a larger amount of material in the scattering cross-section.  In 
low-Q range of 0.018 – 0.03 Å-1, the log-log plot of I(Q) vs. Q for polysulfone gave a slope of     
-3.7, indicative of a Porod regime as described by I(Q) α Q-4 [66].  For these supported 
polyamides, Singh et al. extracted profiles of polyamide-only scattering contribution by the 
difference in profiles from polysulfone and polyamide-on-polysulfone data.  They observed a 
broad correlation peak in the Q range corresponding to a length scale of 110-120 Å.  This peak 
was attributed to a partially ordered arrangement of aggregated nano-sized polyamide 
chains [66,71].  Following Equation 1, in the very low-Q regime, Singh et al. concluded that the 
radius of gyration is 91 Å, which corresponded to a spherical particle radius of 118 Å.   
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 In Singh et al.’s 2012 SAXS publication, unsupported membranes were prepared and 
studied for different concentrations of MPD and TMC monomers [68].  The range of X-ray 
scattering studied allowed Singh et al. to obtain data from molecular units, polyamide ‘primary 
building units’, and large fractal structures produced from those primary building units.   
Singh et al. observed regions of low-Q that fit Equation 2 for Q < 0.015 Å-1 which were 
attributed to a mass fractal cluster-like structure.  Regions of Q fitting I(Q) α Q-4 , in the Porod 
regime for 0.015 Å-1< Q < 0.08 Å-1, were attributed to smooth globular units. 
 Singh et al. determining the Q at which the transition from Q-2 dependence to Q-4 
dependence of I(Q) occurs.  The Q of where this transition occurs is the dimension of the mass 
fractal clusters, which they further analyzed for structural sizes with the assumption of a form 
factor of a spherical primary unit.  Singh et al. found that the dimensions of a mass fractal cluster 
increased with increasing TMC of 0.05, 0.1 and 0.2 wt% polymerized with 2 wt% MPD.  All 
concentrations of TMC gave a radius of primary units of ~130 Å, in the mass fractal clusters.  
The dimensions of a mass fractal cluster also increased with increasing MPD of 0.1, 0.5 and 
2 wt% polymerized with 0.1 wt% TMC.  There was not a trend in the radius of the primary unit 
with concentration of MPD.  Singh et al. also observed a broad correlation peak in the high-Q 
region from 1.16 Å-1 < Q < 1.22 Å-1 which they concluded was related to the molecular void size 
of ~5.2 Å for all membranes studied.   
 To the best of our knowledge there are no publications on study of the polyamide 
structure on the polysulfone support using X-ray scattering.  In house X-ray scattering techniques 
are more accessible than a Synchrotron source and are becoming sophisticated and powerful 
enough for the characterization of polymer materials in the laboratory setting.  It was our intent 
for this study to develop a method of characterization and analysis to observe the polyamide 
reverse osmosis and polysulfone ultrafiltration membrane’s structures in the wide-angle (WAXS) 
and small-angle (SAXS) regimes of X-ray scattering.  In order to measure the supported 
membranes grazing incidence (GI) X-ray scattering techniques were used since the support layer 
is too opaque for transmission X-ray scattering. 
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CHAPTER 2 
METHODS AND MATERIALS 
2.1 Abstract 
 All characterization methods were for supported polyamide layers, which are close to 
their native form for industrial reverse osmosis applications.  This section describes a technique 
we developed to ensure a reproducible interfacial polymerization of polyamide; no additional 
chemical separation techniques for removal of polyamide from polysulfone were needed.  
Additionally, the methods and analysis we used for characterization of the polyamide 
membranes are described for diffuse reflectance spectroscopy, Rutherford backscattering 
spectrometry, atomic force microscopy, X-ray photoelectron spectroscopy, and X-ray scattering.  
We have previously published parts of Sections 2.2, 2.3, 2.4, and 2.5 [72].  
2.2 Materials for Membrane Preparation 
 Polyamide layers were formed by interfacial polymerization on polysulfone ultrafiltration 
membranes (PS-100, Sepro Membranes, Oceanside, CA) with fabric backing.  Polyamide was 
formed by reaction between an aqueous solution of m-phenylenediamine (Aldrich, 1,3-
phenylenediamine flakes, 99+%) in distilled water (Barnstead EASYpure II UV, 18.2 MΩ-cm), 
and a solution of trimesoyl chloride (1,3,5-benzenetricarbonyl trichloride, Aldrich, 98%) in 
hexane (Fisher, ACS grade).  
 Nominal concentrations used in the original synthesis report [2] of the commercially 
available FT30 polyamide membrane were 2 wt% MPD in water and 0.1 %wt/vol TMC in 
trichlorotrifluoroethane.  We used two series of concentrations to bracket these values: i) the 
concentration of MPD was varied between 0.1 and 100 g/L with the TMC concentration held 
constant at 1 g/L; and ii) the concentration of MPD was held constant at 20 g/L, and the 
concentration of TMC was varied between 0.1 and 10 g/L.  In many publications, MPD is 
discussed in terms of wt% and TMC in %wt/vol or wt%; in our work, we use g/L where 20 g/L 
MPD ≈ 1.96 wt% and 1 g/L TMC ≈ 0.15 wt% ≈ 0.099 %wt/vol. 
2.3 Membrane Preparation and Diffuse Reflectance Spectroscopy 
Interfacial polymerization of MPD and TMC was studied in situ by measuring changes in 
diffuse reflectance using a Varian Cary 5 G UV-Vis-NIR spectrophotometer with an internal 
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diffuse reflectance accessory (DRA).  We conducted three trials at each concentration of MPD or 
TMC to evaluate the experimental error of the reflectance measurements.  To prepare 
membranes for in situ studies by diffuse reflectance, 2.5 × 2.5 cm2 polysulfone support was 
soaked in an MPD solution for 2 minutes.  The MPD-soaked support was then placed between 
two sheets of lint-free microfiber cloth. The manufacturer (Super Micropolishing Cloth, Super 
Cool Products, Inc.) specifies the composition of the cloth as 65% polyester and 35% polyamide.  
We verified that the cloth is composed predominately of polyester and polyamide using Raman 
spectroscopy. The sandwich of cloth/support/cloth was pressed between two Si wafers at a 
pressure of 1.0 MPa for ≈3 s to absorb excess MPD solution.  The pressure of 1.0 MPa was 
applied by a pneumatic actuator.  After pressing, the support was mounted onto a sample holder, 
inserted into a UV quartz fluorometer cuvette (type 3 - 40 × 10 mm, NSG Precision Cells, Inc.), 
and then mounted on the DRA.  Mounting the MPD-soaked support onto the sample holder and 
then onto the DRA takes ≈40 s.   
We developed this approach of pressing the MPD-soaked polysulfone support between 
microfiber cloths because we found that conventional approaches, i.e., the use of an air knife or 
rubber roller, for removing excess liquid did not produce consistent results for the reflectance as 
a function of polymerization time.  We inspected the resulting polyamide layers by scanning 
electron microscopy (SEM) and found that use of an air knife or rubber roller led to areas with 
the appearance of collapsed “bubbles” of polyamide due to incomplete removal of excess MPD, 
and areas where polyamide did not form.  Pressing the polysulfone support between two 
microfiber cloths led to more uniform polyamide layers.  
We chose the pressure of 1.0 MPa as high enough to uniformly remove excess MPD 
solution but not so high as to produce compaction of the polysulfone layer.  At pressures >1.8 
MPa we observed imprinting of the microfiber structure on the polysulfone surface in SEM 
images.  To test whether a significant level of chemical impurities from the microfiber cloth 
could be transferred to the support, we soaked a 1 cm2 area of the cloth in 1 mL of water on a 
Au/Pd coated glass slide for 10 minutes, removed the cloth, allowed the water to evaporate 
overnight, and inspected the glass slide by SEM.  We observed some loose fibers on the glass 
slide left from the microfiber cloth but no chemical residues.  Pressing may cause some 
compaction of the polysulfone.  We measured the diffuse reflectance for pressed and as-received 
polysulfone and observed a negligible difference of <0.01 in the diffuse reflectance.         
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The DRA uses an integrating sphere which collects all diffuse and specularly reflected 
light if a sample is mounted so that it is flush with the surface of the sphere.  The sample holder 
configuration that we are using displaces the membrane from the integrating sphere by 6.3 mm, 
resulting in a gap between the sample and the integrating sphere, which causes a reduction in the 
collection efficiency of diffusely reflected light.  This separation between the membrane and the 
entrance of the integrating sphere reduces the solid angle of the collection of diffusely scattered 
light from 2π to ≈2.2 sr.  The dimensionless reflectance ranges from 0 to 1 and has a sensitivity, 
as determined by the reproducibility of the average reflectance of the baseline of 6×10-3 with a 
noise level during any individual measurement of ±3×10-4.  Figure 5 shows plan and side views 
of the sample holder; liquid is injected through the injection tube to cover the MPD-soaked 
polysulfone from the bottom-up; this approach minimizes disturbances of the optical signal and 
uncertainties in polymerization start time.  The thickness of liquid within the cell is 5.3 mm.  The 
area of the polyamide membrane prepared with the sample holder is ~1 × 1.5 cm2.   
 
 
Figure 5: Plan view (left) and side view (right) of the sample holder for measurements of diffuse 
reflectance; the polysulfone support is mounted in the center.  The TMC/hexane solution is 
injected into the bottom of the liquid injection tube to fill the cuvette from the bottom up.  
2.4 Rutherford Backscattering Spectrometry 
 A High Voltage Engineering Van de Graaff was used for Rutherford backscattering 
spectrometry (RBS).  RBS allows the determination of polyamide areal density (µg/cm2).  Our 
Sample 
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TMC Fills Cuvette  
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Light Out 
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experiment measures the areal density averaged over the area of the membrane that is probed by 
the ion beam, ~1 × 1.5 cm2.  Spectra obtained from RBS were analyzed using the simulation 
program SIMNRA [73,74].  Further details of the RBS system and methods of simulation are 
given by Mi et al. [5]. 
2.4.1 Membrane Preparation and Measurement 
To prepare samples for RBS measurements, we used the same polyamide preparation 
method described in Section 2.3 except the sample holder was not mounted to the DRA for 
diffuse reflectance measurements.  Additionally, after TMC/hexane solution injection, the 
polymerization was controlled for various times between 10 and 300 s by rinsing for ~30 s with 
hexane to wash off unreacted monomers [75].  The membranes were then dried in air and finally 
rinsed with water to remove HCl produced during interfacial polymerization.  A piece of the 
sample was cut for AFM measurements; the rest of the membrane was attached to a silicon wafer 
with thermally conductive tape (T410, Marian Inc.).  We used a vacuum press to ensure good 
bonding of the membrane-tape-silicon wafer assembly.  To improve the calibration of the energy 
of backscattered ions and the precision of polyamide thickness measurements, the membranes 
were coated with ~3 nm of Ti by e-beam evaporation at a background pressure of 3×10-6 Torr 
during evaporation.  Finally, the Ti-coated membrane was mounted on the stage of the RBS 
analysis chamber. 
 To minimize damage to the membranes from the high-energy beam, we continually scan 
the 80 nA, 3 mm diameter, 2 MeV He+ ion beam over the membrane surface during the 
measurement time.  Ion flux is the number of He+ ions per unit area per unit time.  Ion fluence is 
the time-integral of the ion flux striking any particular region of the membrane.  We maintain a 
He+ ion fluence of <3×1014 He+/cm2; above this fluence, ion damage produces changes in 
composition [76,77]. 
2.4.2 Calculations of from RBS Data 
 RBS directly measures the number and energy of He+ ions that backscatter from a 
sample.  With the number and energy it is possible to determine a depth profile, elemental 
concentration, and estimated roughness of a sample.  Since the penetration depth of 2 MeV He+ 
ion beam is >1 µm, the ions are backscattered from both the polyamide layer and the underlying 
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polysulfone layer [5].  This section will discuss the calculation of polyamide thickness, estimated 
roughness, and ion tag concentrations.  
2.4.2.1 Thickness and Estimated Roughness 
 Mi et al. discussed the calculation of the physical thickness of polyamide layers; their 
thickness equation is reproduced here [5]: 
                 (3) 
δm is the thickness of the polyamide membrane, NA is Avogadro’s number, Mi is the atomic 
weight of element i (g/mol), εi is the concentration of element i as determined using SIMNRA 
simulation, and θ is the projected atomic density of the membrane (atoms/cm2) obtained as 
“thickness” in SIMNRA simulations.  We use the assumption of a constant polyamide volume 
density, ρm, of 1.24 g/cm3 [35] to calculate average polyamide thickness from the average areal 
density.  Although the assumption of a constant polyamide volume density is not precise, a 
significant 10% change in volume density results in a relatively insignificant ~10% change in 
calculated thickness.    
 In order to accurately determine the thickness of the membrane, the estimated roughness 
was simulated using SIMNRA “Layer and Substrate Roughness.”  SIMNRA [74] assumes a 
Gamma distribution of layer thickness for which the full width at half maximum (FWHM, 1015 
atoms/cm2) is related to the standard deviation of the thickness, σ, by: 
         (4) 
All RBS simulations used a FWHM of the polyamide layer, which matched the slope of the 
experimental data at the sulfur edge but did not exceed twice the polyamide thickness 
(FWHM≤2θ).  This constraint was set because a FWHM value above 2θ would indicate a 
roughness deeper than the surface of polysulfone.  Simulated values of θ and FWHM for the 
polyamide layer were iterated until the simulation approximated the experimental data. 
2.4.2.2 Calculation of Membrane Charge Density 
 Membrane charge density was calculated via two methods: (1) for membranes >10 nm, 
charge was determined directly from simulated ion tag concentrations from RBS and XPS data, 
and (2) for low thickness membranes <10 nm (XPS sensitive region) in which polysulfone is 
!m =
Mi" i#( )$
NA%m
FWHM = 2.35482!
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measured in XPS survey, a ratio of polyamide to polysulfone was determined followed by 
membrane charge calculation.  All RBS results were determined from method (1).   
 Method (1) was used by Coronell et al. to determine the concentration of free carboxylic 
acid groups in commercial membranes [61].  A modified version of Coronell et al.’s equation for 
concentration of membrane charge, with the intent of calculation clarity, is presented here: 
     (5) 
where [CD] is the membrane charge density in mol/L for either the positively charge amine 
groups or negatively charged carboxylic acid groups.  As determined using SIMNRA simulation, 
εion and εi are the atomic concentrations of the tagging ion and each element i with the subscripts 
referring to elements C, O, N, Cl.  Since neither XPS nor RBS is sensitive to hydrogen, the 
concentration is determined using the assumption that the C:H ratio is ~0.67 based on the 
neutrally charged molecular structure [48].  In the case where negatively charged carboxylic acid 
groups are being tagged with a cation, the concentration of the measured tagging ion would be 
subtracted from the concentration of hydrogen since the carboxylic acid group is missing a 
proton.  In the case where positively charged amine groups are being tagged with an anion, the 
concentration of the measured tagging ion would be added to the concentration of hydrogen 
since the amine has an extra proton.  This accounts for cases where only a percentage of the 
polyamide amine and carboxylic groups are protonated.  
 In method (2), used for low thickness XPS analysis, a ratio between polyamide and 
polysulfone is determined.  First, a membrane was measured at 20 g/L MPD and 1 g/L TMC and 
the atomic concentrations of C, O, and N were determined by XPS: 0.73, 0.16, and 0.11 
respectively.  Then, the atomic concentrations of C, O, and S were measured for polysulfone: 
0.85, 0.12, and 0.03 respectively.  Ratios of polysulfone to polyamide were adjusted until the 
total atomic concentration of N and S were approximately equivalent to that measured for the 
low thickness polyamide.  Since the exact concentrations vary from sample to sample, a least 
squares method was used: 
         (6)  
in which the sum, S, is minimized by adjusting the polyamide to polysulfone ratio.  In 
Equation 6, yi is the measured value of nitrogen and sulfur by XPS, and y’i is the calculated 
S = yi ! yi'( )
2
i=N ,S
n
"
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atomic concentration of nitrogen and sulfur from the ratio of polyamide (rPA) to polysulfone (rpsf) 
using ratios of the atomic concentrations stated above from XPS.  When S was minimized, 
Equation 5 is replaced with Equation 7 for charge density calculations. 
    (7) 
Here, rPA is multiplied by the atomic concentration of carbon and oxygen to determine the 
measured atomic concentration only from polyamide.  Nitrogen and chlorine are not multiplied 
by rPA because they can only be present in the polyamide layer.   
2.4.2.3 Evaluation of the pKa of Free Carboxylic Acid Groups  
 Coronell et al. used an acid-base equilibrium expression to represent the concentration of 
tagged free carboxylic acid groups in commercial polyamide membranes [48].  They found that 
the polyamide shows the characteristics of having a two acid dissociation constants for which a 
portion of the carboxylic acid groups dissociate at a low pH while the rest dissociate at a higher 
pH.  For FT30, Coronell et al. determined the logarithmic acid dissociation constant, where 
and Ka is the acid dissociation constant, to be at 5.2 (19% of the carboxylic 
acid groups) and 9.0 (81% of carboxylic acid groups).  This model was used to model the 
evolution of free carboxylic acid charge density with pH.  Equation 8 is the equilibrium 
expression from Coronell et al.: 
     (8) 
Here, [R-COO-] is the charge density of free carboxylic acid as described in Section 2.4.2.2.  
Because Coronell et al. determined the carboxylic acid groups to dissociate at two pKa values, 
the total number of carboxylic acid groups in the polyamide layer (CT,R-COOH) is multiplied by wi, 
the fraction of carboxylic acid groups with the acid dissociation constant Ka,i, to determine the 
concentration of carboxylic acid groups in the polyamide that dissociate for each pKa.  [H+] is the 
concentration of hydrogen in the ion probe soak solution used while tagging the membrane 
where .  Equation 8 was used to determine the pKa and CT,C-ROOH values of our 
membranes using the least-squares method in TableCurve 2D [78]. 
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2.5 Atomic Force Microscopy 
 The surface morphologies of the polyamide layers and the polysulfone support were 
characterized by atomic force microscopy (AFM) using an Asylum Research MFP-3D AFM.  
Samples for AFM measurements were cut from the same membranes used for RBS, prior to 
attachment to the Si wafer and Ti coating.  The membrane samples were attached to a glass slide 
with self-sticking adhesive tabs.  The AFM was operated in tapping mode using Si cantilevers 
with a tip radius of <10 nm and a 300 kHz resonance frequency.  AFM images for each 
membrane of 512 × 512 pixels were analyzed to compare surface roughness.  Polysulfone, which 
was stored in water, was dried using water exchange with isopropanol/hexane to avoid pore 
shrinkage [79].   
2.6 X-ray Photoelectron Spectroscopy 
 Polyamide membrane coupons ~0.5 cm2 were cut from larger RBS samples and mounted 
onto the XPS sample holder with copper adhesive tape.  A Kratos Axis Ultra X-ray 
Photoelectron spectrometer was used with a monochromatic Al Kα (180 W, 14 kV, 1486.6 eV) 
radiation source with a chamber pressure below 10-9 Torr.  A pass energy of 160 eV was used for 
all survey spectra and 40 eV for all high-resolution spectra.  All peaks were fit with CasaXPS 
Software.  The energy scale was corrected for a C1s peak of 285 eV.  The peak fits to the 
elements O, N, C, and W were done with a Shirley background correction while the peak fits for 
Ag, Cl, Br, I and W were done with a linear background correction.  From CasaXPS, relative 
atomic concentrations for charge density analysis are were obtained for each spectra.  
2.7 X-ray Scattering 
 Grazing incidence small- and wide-angle X-ray Scattering (GISAXS and GIWAXS) were 
carried out at incident angles αi from 0.2° – 2.0° on bare polysulfone and polyamide on 
polysulfone.  GIWAXS was used to measure Nomex® type 410 (Professional Plastics, aramid 
paper sheet, thickness: 0.13 mm).  Nomex® is a polyamide similar to those prepared here except 
instead of polymerized with TMC, MPD is polymerized with isophthaloyl chloride, a linear meta 
substituted monomer which produces a linear polyamide chain [80].  A Xenocs GeniX3D CuKα 
Ultra Low Divergence X-ray source (1.54Å / 8 keV), with a divergence of ~ 0.0013 rad, and a 
Dectris Pilatus 300 K 20 Hz hybrid pixel detector system were used for all measurements.  
 Figure 6 is a diagram of the grazing incidence X-ray scattering setup; in transmission X-
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ray scattering measurements, the incidence beam would be perpendicular to the detector and 
sample.  The incident x-ray beam with a wavevector ki has a small incidence angle αi with 
respect to the sample surface.  The x-rays are scattered along kf with the direction of 2θf at an exit 
angle of αf.  Sample to detector distance (L) were calibrated using transmission X-ray scattering 
of silver behenate and were determined to be L≈1357 mm (SAXS) and L≈135 mm (WAXS).  
Grazing incidence techniques will record the intensity (I) as a function of the wavevector Qy 
arising from scattering in the planar region as well as Qz in the direction penetrating 
(perpendicular) to the membrane.  In our case, the sample is vertically mounted so that the Qz 
and Qy directions are opposite to those noted in Figure 6 (the lower case q are equivalent to Q).  
In GISAXS measurements we mostly observed scattering arising as a function of Qz 
perpendicular (penetrating) to the membrane. The regions for SAXS and WAXS are  
0.005 Å-1 < Q <0.20 Å-1 and 0.13 Å-1< Q <2.15 Å-1, respectively.  
      
Figure 6: Grazing incidence X-ray scattering for which the sample to detector distance, L, is 
shortest for WAXS.  This figure was reprinted with permission from A. Meyer [81].  
 Membranes were mounted onto an aluminum holder with double-sided tape, fabric 
backing side down; no further sample preparation was needed.  Due to the lower intensity from 
our in-house X-ray source, as compared to synchrotron X-rays used by Singh et al. [68], all X-
ray scattering data was measured for one hour, twice, in order obtain a higher scattering intensity 
from the polymer films.  The two one hour spectra (acquisition limit of detector is 3600 sec) 
L 
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were added and analyzed with Fit2D [82] by integration of a cake slice from the beam center to 
the outer edge of the 2D image.  Figure 7 shows an example of the cake slice, red lines, for 
WAXS of polyamide on polysulfone at αi=0.2° for which the cake is taken at azimuth angles of 
±40°.  The Dectris Pilatus detector is composed of three detector modules; the two horizontal 
black bars in Figure 7 are spaces between the three modules. 
 
Figure 7:  2D spectra of polyamide on polysulfone with incidence angle 0.2°.  Red lines show the 
cake slice for integration using fit2D, where the outer radius is the edge of the image and the 
inner radius is outside of the beam center, indicated by the white cross.   
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 In order to validate our measurement techniques, a sample of loose polyamide membrane 
was prepared to compare to the transmission Synchrotron SAXS results of Singh et al. [68].  
Loose polyamide was prepared by placing 20 mL of 20 g/L MPD in water in a beaker and adding 
10 mL of 1 g/L TMC in hexane drop-wise to the MPD solution surface.  The monomers were 
reacted for 5 min then the polyamide was scooped from the interface of the two solutions with a 
spatula.  The polyamide was rinsed with hexane and then stored in water.  For SAXS 
transmission measurements, water-wetted polyamide was compacted into a 1.5 mm quartz 
capillary tube with a thin wire.  X-rays were scanned over the compacted polyamide in the 
capillary tube; transmission SAXS data were obtained where the X-rays were least transmitted to 
the detector, i.e., where polyamide was most compacted in the capillary tube.   
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CHAPTER 3 
POLYAMIDE GROWTH DYNAMICS 
3.1 Abstract 
 The polyamide active layers were studied by in-situ diffuse reflectance spectroscopy, 
Rutherford backscattering spectrometry (RBS), and atomic force microscopy (AFM).  Polyamide 
layers were formed using varying concentrations of m-phenylenediamine (MPD) in water of 
0.1 – 100 g/L with a fixed concentration of trimesoyl chloride (TMC) in hexane of 1 g/L and 
varying TMC concentrations of 0.1 – 10 g/L with a fixed MPD concentration of 20 g/L.  
Polyamide growth kinetics were monitored in real-time by diffuse optical reflectance at λ=329 
nm.  A relationship was developed between diffuse reflectance and polyamide thickness.  The 
diffuse reflectance data show that ~50% of the polyamide thickness is produced in <2 s for all 
TMC concentrations studied and for MPD concentrations >2 g/L.  All studied concentrations of 
TMC at a fixed 20 g/L MPD concentration produced a polyamide thickness of ≈120 nm.  
Polyamide thickness increased from ≈10 to 110 nm with increasing concentration of MPD at 
1 g/L TMC.  The roughness measured by AFM increased with increasing MPD concentration but 
decreased with increasing TMC concentration.  At MPD concentrations <0.5 g/L, polyamide 
does not grow on top of the polysulfone. We have previously published this section [72], with 
the exception of Section 3.6. 
3.2 Optimization of In Situ Diffuse Reflectance Spectroscopy 
We determined an optimal wavelength for in situ studies by comparing the spectral 
dependence of diffuse reflectance of the polysulfone support to the diffuse reflectance of the 
polyamide active layer on the polysulfone support (Figure 8).  Reflectance data labeled ‘Support’ 
in Figure 8 was measured after injection of 1 g/L TMC in hexane over polysulfone soaked in 
water (no polymerization).  The data labeled ‘Polyamide/Support’ is polyamide on polysulfone 
where polyamide was formed using a nominal concentration of 20 g/L MPD in water and 1 g/L 
TMC in hexane.  The maximum difference in reflectance, ≈0.18, occurred near λ=329 nm which 
was therefore used as the probe wavelength for in situ measurements.  
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Figure 8: Spectrally-resolved diffuse reflectance of a water-soaked porous polysulfone support 
(labeled Support) with 1 g/L trimesoyl chloride (TMC) in hexane over the support, and 
polysulfone with polyamide layer (labeled Polyamide/Support) formed by interfacial 
polymerization of aqueous 20 g/L m-phenylenediamine (MPD) and 1 g/L TMC in hexane.  The 
maximum difference in the diffuse reflectance occurs near λ=329 nm. 
Diffuse reflectance measures the total fraction of light that is either diffusely scattered or 
specularly reflected from a material.  In our experiments, most of the signal measured by diffuse 
reflectance is attributed to light that is diffusely scattered by the porous microstructure of the 
polysulfone support.  Polysulfone wet with water mounted directly inside the integrating sphere 
of the diffuse reflectance accessory has a diffuse reflectance of ≈0.78 at λ=329 nm.  The diffuse 
reflectance is less than one because polysulfone partially absorbs λ=329 nm light.  At 
wavelengths λ<300 nm, light is strongly absorbed in the polysulfone and therefore the diffuse 
reflectance plateaus at a small value of ≈0.04.  Most of the differences in diffuse reflectance in 
the wavelength band 300<λ<400 nm between the ‘Support’ and ‘Polyamide/Support’ lines in 
Figure 8 are attributed to optical absorption by the polyamide layer.    
Even without formation of the polyamide layer, the diffuse reflectance changes with the 
injection of pure hexane or TMC in hexane because the approximate match between the indices 
of refraction of hexane and quartz suppresses specular reflections from the surfaces of the 
cuvette.  Additionally, at high TMC concentrations, the TMC solution is optically absorbing.  
Figure 9 shows the sudden decrease in reflectance after liquid injection and the evolution of 
diffuse reflectance R(t) for the cases with 20 g/L MPD soaked in polysulfone with hexane 
injected at t=0 (no polymerization) and 1 g/L TMC in hexane injected at t=0 (polyamide 
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polymerization).  We defined t=0 as the time at which the reflectance dropped four standard 
deviations from the average R(t) prior to injection.  For the case without polymerization, the 
reflectance is constant after hexane injection and we define the final reflectance Rf as the average 
of R(t) over time span 12 < t < 60 s.  The average time between when liquid is injected at the 
defined t=0 to when R(t) first reaches Rf is ≈0.5 s; this is the average time that the injection takes 
to fully cover the polysulfone.  With polymerization, the diffuse reflectance decreases due to 
increased optical absorption as the thickness of the polyamide increases and we define Rf as the 
average of R(t) over the time span 270 < t < 300 s.  
 
Figure 9: Diffuse reflectance measured at λ=329 nm as a function of time starting with 
polysulfone soaked in 20 g/L MPD. Either hexane (no polymerization) or 1 g/L TMC in hexane 
(polymerization) is then injected into the cell. The reflectance decreases after injection of hexane 
due to the reduction in specular reflections from the quartz/hexane interface and optical 
absorption by TMC in hexane.  With polymerization, the reflectance decreases due to absorption 
of λ=329 nm light by the growing layer of polyamide. 
 Measurements of the final reflectance Rf without and with polymerization are 
summarized in Figure 10 for varying MPD and TMC concentrations.  The reflectance values 
without polymerization were measured to determine, for each set of experimental conditions, 
what fraction of the decrease in reflectance is a result of the reduction of specular reflections due 
to the presence of hexane and what fraction is a result of the optical absorption by the TMC and 
MPD monomers.  For the MPD case, the polysulfone support was soaked in varying 
concentrations of MPD in water and pure hexane was injected over the support.  For the TMC 
case, the polysulfone support was soaked in pure water and varying concentrations of TMC in 
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hexane were injected over the support.  Final reflectance, without polymerization, see Figure 10, 
decreases with increasing TMC concentration due to absorption of the 329 nm probe light by 
TMC monomers in the hexane solution.  Absorption of the 329 nm light by MPD was also 
observed at the highest concentrations.  With polymerization, the final reflectance values 
decrease with increasing concentration of MPD or TMC.   
 
Figure 10: The final reflectance Rf without and with polymerization for both MPD and TMC 
series.  For the cases without polymerization, Rf values correspond to hexane injection over 
polysulfone soaked in various concentrations of MPD in water (solid circles labeled MPD) and 
varying concentrations of TMC in hexane were injected over water soaked polysulfone (open 
circles labeled TMC).  For the cases with polymerization, Rf values correspond to 1 g/L TMC in 
hexane injected over polysulfone soaked in varying concentrations of MPD in water (solid 
squares labeled MPD) and the injection of varying TMC concentrations in hexane over 
polysulfone soaked in 20 g/L MPD in water (open squares labeled TMC).  Rf values and error 
bars for the cases with polymerization are the average and standard deviation of three trials at 
each concentration. (Error bars smaller than the symbol are omitted).  
 Since decreases in reflectance caused by growth of the polyamide layer are the data of 
interest, we developed a method to account for reflections from the surface of the quartz cuvette, 
loss in collection efficiency from the displacement of the sample from the inner surface of the 
integrating sphere, absorption due to the presence of MPD in the polysulfone support, and 
absorption from TMC in hexane above the support.  Background optical absorption from the 
TMC and MPD monomers depends only on the total amount of monomers along the optical 
path; any redistribution of the monomer concentration during polymerization will not change the 
background absorption.  In our model, incident light travels from the source to the outer surface 
of the cuvette cell; light is then directly reflected back into the integrating sphere or travels 
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through the air/cuvette and cuvette/hexane interfaces, through the hexane (with or without 
TMC), then through the polyamide layer (if present).  The light is diffusely scattered within the 
polysulfone pores or weakly absorbed in polysulfone or MPD.  The remaining light reflects back 
through the polyamide layer, hexane/TMC phase, cuvette wall, and into the integrating sphere 
and detector.  Thus, light must travel twice through the polyamide layer, the hexane/TMC phase 
and the cuvette wall.  Separating these contributions allowed us to isolate the contribution of 
polyamide polymerization to the decrease in reflectance: 
        (9) 
         (10) 
         (11) 
where R(t) is the in-situ reflectance measured with and without polyamide polymerization.  M is 
the diffuse reflectance of the polysulfone support including the reduction in reflectance that 
results from light absorption by MPD in the support, β is the contribution to reflectance decrease 
due to absorption by TMC concentration, and γ(t) is the contribution due to polyamide 
polymerization.  Equations 10 and 11 follow the Beer-Lambert law for absorption of light 
through a medium [83,84]. 
T is the collection efficiency which accounts for light lost due to the gap between the 
membrane surface and the entrance of the integrating sphere and weak optical absorption by 
hexane.  T was determined by placing a water soaked polysulfone support flush with the surface 
of the integrating sphere, measuring the reflectance (R≈0.78) and then repeating the 
measurement with a water soaked polysulfone support inside the sample holder displaced from 
the outer surface of the integrating sphere with hexane in the cell (R≈0.33).  
 where the term 0.035 in the numerator accounts for reflection of 
light from the surface of the quartz cell.  (This term is also present in Equation 9.)  In Equation 
10, Α1 is an absorption coefficient that accounts for light attenuation by TMC in hexane and the 
thickness of the liquid inside the cell.  CTMC is the concentration of TMC in hexane.  In Equation 
11, αp is an absorption coefficient that describes light attenuation by polyamide and h(t) is the 
polyamide thickness which grows with time.  
R(t) = TM !" (t)[ ]2 + 0.035
! = exp "A1CTMC[ ]
! (t) = exp "#Ph(t)[ ]
 T = 0.33! 0.035( ) 0.78 " 0.38
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 To determine γ(t), the decrease in reflectance from polyamide polymerization, we must 
first determine M and β in Equation 9 using the final reflectance data without polymerization 
summarized in Figure 10.  M and β describe the attenuation by MPD and TMC, respectively.  In 
measurements with varying MPD without the presence of TMC, β=1 and γ(t)=1 since no 
polyamide is formed; M can then be determined from Equation 9.  Figure 11a shows how M 
varies with MPD concentration (CMPD).  Since we do not know what the relationship of M is to 
CMPD, we fit this dependence using an empirical equation: 
        (12) 
where A2=1.7 ± 0.2 mL-g-1.  We attribute M=0.83 at CMPD=0 to absorption of 329 nm probe light 
by polysulfone.  We determined β in a similar manner as M using Equation 9, Equation 12 with 
CMPD=0, and the final reflectance data measured for varying TMC concentration without 
polymerization, see Figure 11b.  We fit this dependence by Equation 10 with A1=46 ± 2 mL-g
-1.   
 
 
 
 
 
 
 
 
M = 0.83exp !(A2CMPD )0.5"# $%
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Figure 11: (a) Values of M, the diffuse reflectance of the polysulfone support including 
reflectance reduction from light absorption by MPD in the support, determined from varying 
concentrations of MPD without the presence of TMC.  The dashed line is a fit to Equation 12 to 
determine the prefactor and A2=1.7 ± 0.2 mL-g-1.  (b) Values of β, the contribution of reflectance 
decrease due to TMC/hexane absorption, determined for each concentration of TMC without the 
presence of MPD.  The dashed line is a fit to Equation 10 to determine A1=46 ± 2 mL-g-1. 
3.3 Diffuse Reflectance Spectroscopy 
 Reflectance values with in-situ polyamide polymerization were obtained by varying the 
concentration of MPD between 0.1 and 100 g/L with TMC concentration held constant at 1 g/L 
and holding the concentration of MPD constant at 20 g/L while varying the concentration of 
TMC between 0.1 and 10 g/L.  The final reflectance values for both of these series are shown in 
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Figure 10; the presence of the polyamide layer results in decreased diffuse reflectance caused by 
absorption of light in the polyamide layer.  The in-situ diffuse reflectance results in Figure 10 are 
the average of three trials for each MPD and TMC concentration.  The error bars indicate the 
standard deviation of the three trials. (Error bars smaller than the symbols are omitted.)  Three 
trials at a concentration of 0.2 g/L TMC were also conducted but the results were not 
reproducible at that concentration, for reasons that we do not yet understand, and we have 
excluded those results from our report.   
To determine what part of the reflectance change is produced by the growth of 
polyamide, we used the Equations 9, 10, and 12, with A1=46 mL-g-1, A2=1.7 mL-g-1, and T=0.38 
to calculate the value of γ(t) from the measured R(t).  Equations 9-12 are not strictly valid, 
however, until the membrane is fully covered by the TMC/hexane solution.  We define t = 0 as 
the onset of exposure of the MPD-soaked support to the TMC/hexane solution and 
approximately 0.5 s is needed for the TMC/hexane solution to fully cover the region of the 
membrane that is probed by the diffuse reflectance measurement.  Therefore, the values of γ(t) 
are not reliable at t < 0.5 s and we start the plots of γ(t) in Figure 12a and b at t = 0.5 s.  (The 
uncertainty in γ(t) at 0.5 < t < 0.8 s is relatively large because of variations in the filling time.)  
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Figure 12: γ(t), the contribution of polyamide polymerization to reflectance decrease as 
determined from Equation 9, for (a) varying concentration of MPD and (b) varying concentration 
of TMC.  The curves in (a) and (b) are labeled by the concentration of MPD and TMC, 
respectively.  The right axis indicates the approximate thickness of the polyamide layer as given 
by Equation 9 using αp=5.8 µm-1. 
Figure 12a and b show that γ(t) decreases with time for all concentrations of monomers 
indicating the growth of polyamide for all concentrations studied.  Data sets consistent with the 
trends in Figure 12 were also obtained for 0.1, 0.5, 5.0, and 100 g/L MPD and 0.1, 0.5, and 
1.0 g/L TMC which are not shown in the figure for clarity.  For all concentrations of monomers, 
γ(t) decreases rapidly at short reaction times <2 s, indicating a rapid growth of polyamide.  
Growth continues at longer times but at a greatly reduced rate.  For the MPD series, γ(t) varies 
with monomer concentration with higher concentrations leading to more absorption in the 
resulting polyamide.  The TMC series also showed more absorption with increasing 
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concentration but the trend is not as distinct as that for MPD series, i.e., all TMC concentrations 
produce similar growth kinetics.   
3.4 Rutherford Backscattering Spectrometry 
 We used RBS to measure the average areal density of the polyamide layer, i.e., the mass 
per unit area of the polyamide layer.  Figure 13 shows RBS spectra and simulations for 
backscattered He+ energies for bare polysulfone and polysulfone coated with polyamide by 
interfacial polymerization using concentrations of 20 g/L MPD and 1 g/L TMC.  The stopping 
power of the polyamide layer causes the sulfur edge to shift to lower energies; the shift in the 
sulfur edge is proportional to the average areal density (µg/cm2) of the polyamide layer [5] that 
lies on top of the polysulfone support.  (RBS is relatively insensitive to polyamide that grows 
within the polysulfone pores.)  For the example shown in Figure 13, the average areal density is 
13.6 µg/cm2 which corresponds to an average thickness of ~110 nm using Equation 3 and the 
assumption that the polyamide volume density [35] is 1.24 g/cm3.  The relatively small slope of 
the sulfur edge indicates that the areal density of the polyamide layer is not uniform; we fit the 
shape of the slope of the sulfur edge to determine the distribution in areal density [59,69,85].  
The distribution in areal density is due to the ridge-and-valley structure of polyamide and can be 
related to the roughness of the surface; the more sloped the sulfur edge, the greater the lateral 
spatial variations in the areal density and the rougher the surface. 
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Figure 13: Analysis by Rutherford backscattering spectrometry (RBS) of polysulfone (solid 
squares) and polyamide on polysulfone (open circles) formed by 300 s of interfacial 
polymerization from 20 g/L MPD in water and 1 g/L TMC in hexane.  Samples were coated by a 
thin layer of Ti that provides an internal calibration of the energy of backscattered He+ ions.  The 
average areal density of the polyamide layer that lies on top of the polysulfone support is 
determined from the shift in the sulfur edge, shown in the inset, created by the stopping power of 
the polyamide layer. The solid lines show the simulations used to determine the average areal 
density.  
To improve the accuracy for calibration of the energy of backscattered He+ ions and 
obtain a more precise polyamide thickness for the RBS measurements, a new approach was 
developed of introducing an internal calibration in the sample by coating with a ~3 nm thick 
layer of Ti.  Ti is a convenient metal to deposit and has an atomic mass larger than, but close to, 
the mass of sulfur.  To facilitate comparisons, all RBS simulations assumed that the polyamide 
was polymerized solely on top of the polysulfone support.  
Figure 14a shows the average areal density of the polyamide layers for membranes 
synthesized with varying MPD and TMC concentrations for a polymerization time of 300 s.  The 
same polymerization time was used as the endpoint of the diffuse reflectance measurements and 
the AFM measurements to facilitate comparisons between the three techniques.  Due to the finite 
energy resolution of the detector, we cannot resolve energy shifts in the sulfur edge of <2 keV, 
which is equivalent to the stopping power created by a polyamide thickness of ≈10 nm.  The 
error bars in Figure 14a denote this 10 nm uncertainty in thickness.  (Error bars smaller than the 
symbol are omitted).  For the MPD series, the thickness increases sharply to ≈70 nm between 
MPD concentrations of 0.2 g/L and 1.0 g/L.  At higher MPD concentrations, the thickness 
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increases gradually to ≈110 nm.  At MPD concentrations <0.5 g/L the thickness of the polyamide 
is less than the uncertainty and we are unable to accurately determine the location of the 
polyamide to be on top of or within the polysulfone pores.  For the TMC series, the thickness is 
approximately constant at ≈120 nm.  An increase in thickness was also observed by Jin and Su 
[33] as an increase in absorbance in their FTIR spectra with MPD and TMC concentrations.  
Both the MPD and TMC series had roughness values, as fit by the distribution in areal density, 
similar to those obtained by AFM, see Sec. 3.5. 
 
 
Figure 14: (a) Average areal density of the polyamide layer on top of polysulfone from RBS 
analyses as illustrated in Fig. 7.  The right axis is the average thickness calculated assuming a 
volume density of 1.24 g/cm3.  The uncertainty in fitting the thickness by the simulations was 
determined to correspond to ≈10 nm, denoted by the error bars. (Error bars smaller than the 
symbol are omitted).  The polymerization time was 300 s.  In both panel (a) and (b) the MPD 
series (solid circles) was polymerized with 1 g/L TMC and the TMC series (open squares) was 
polymerized with 20 g/L MPD.  (b) Square root of the height-difference correlation function 
evaluated at a separation ρ=300 nm.   is used as a measure of the 
surface roughness. 
G(!)[ ]1/2 G(! = 300 nm)[ ]1/2
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We studied how the average areal density varies with polymerization time by preparing 
polyamide on polysulfone for polymerization times ranging from 10 to 300 s.  We prepared an 
MPD series with 0.2, 2, and 20 g/L MPD with 1 g/L TMC (Figure 15a) and a TMC series with 
0.1 and 10 g/L TMC with 20g/L MPD (Figure 15b).  TMC was poured over the MPD soaked 
polysulfone and after the desired polymerization time was reached, the membranes were rinsed 
with hexane to remove excess monomers and stop further polymerization.  Figure 15 shows that 
the average areal density of polyamide continues to grow even at 300 s.  However, the initial 
growth at 10 s accounted for more than 50% of the thickness in most cases.  This observation is 
in agreement with the diffuse reflectance data plotted in Figure 12.  The dashed lines in Figure 
15a and b show the growth rate prediction of , where h is the thickness and t the 
polymerization time. This scaling is the predicted growth rate assuming a diffusion constant of 
the aqueous-phase monomer in polyamide that is independent of time [12,14,16-18,24].  Only 
the 0.1 g/L TMC series appears to fit this rate of polymerization.  All of the other series grow at a 
slower rate.  The slower rates are likely due to a reduction in the diffusion constant as the 
structure of the polyamide layer evolves and more strongly inhibits the diffusion of monomers 
[12,13,20-23]. 
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Figure 15: Average areal density of membranes as measured by RBS as function of 
polymerization time for (a) varying MPD concentrations in water polymerized with 1 g/L TMC 
in hexane and (b) for varying concentrations of TMC in hexane polymerized with 20 g/L MPD in 
water.  The dashed-line indicates the scaling , where h is the polyamide thickness and t is 
the polymerization time.     
 Figure 16 shows the relationship between the γ(t) extracted from the diffuse reflectance 
data and the thickness measured by RBS for each of the samples presented in Figure 14a and 
Figure 15.  As the thickness of polyamide increases, the layer absorbs more light resulting in a 
lowered measured reflectance, and thus a lower value of γ(t).  The expected exponential decay 
behavior is given by Equation 11 with αp=5.8 ± 0.3 µm-1 and is shown by the dashed line in 
Figure 16.  The discrepancy between the expected and observed dependence of γ(t) on h at low 
thicknesses is likely due to RBS being unable to resolve polyamide located within polysulfone 
pores.   
h ! t
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Figure 16: Summary of the optical absorption by the polyamide layer as a function of the 
thickness of polyamide as measured by RBS for various values of the reaction times t and 
concentrations of the reactants.  γ(t) decreases with increasing polyamide thickness. The 
expected exponential trend from Equation 11, with αp = 5.8 ± 0.3 µm-1, is shown by the dashed 
line.  The likely source of the discrepancy between the expected and observed behavior at low 
thickness is due to RBS being insensitive to polyamide that forms within the pores of 
polysulfone.   
We used Equation 11 with αp = 5.8 µm-1 to define the right-hand thickness axis of Figure 
12. Although thicknesses for polymerization times shorter than 10 s could not be studied by 
RBS, the relationship of γ(t) to the thickness shown in Figure 12 indicates that ~50% of the total 
thickness is produced in <2 s for all TMC concentrations and for all MPD concentrations >2 g/L.  
For MPD concentrations of 1 – 2 g/L, ~25% of the total thickness is produced in <2 s and for 
concentrations <1 g/L MPD ~70% of the final thickness is reached at 2 s polymerization time.   
3.5 Atomic Force Microscopy 
 AFM images for all of the membranes prepared for RBS experiments showed the typical 
ridge-and-valley structure of polyamide reverse osmosis membranes [71,86-90].  AFM images 
also showed a relatively smooth polysulfone surface [91].  AFM data were analyzed by 
calculating the height-difference correlation function, , where hi and hj are 
the surface heights at two locations, i and j, separated by a distance ρ, as a means to compare the 
roughness of the membrane surfaces [92].  The brackets signify an average of the squared height-
difference for ~3 x 107 pairs of locations i and j over a total scan area of 3 × 3 µm2.  The height-
G(!) = hi " hj( )
2
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difference correlation function is used for this type of analysis since it allows comparison of 
roughness over a range of length scales, whereas root mean square (rms) roughness 
obtained with AFM software provides only one value over the entire image.  This type of 
analysis has been extensively used to analyze the evolution of surface morphology during thin 
film deposition [93-96]. When the separation distance ρ is much larger than the correlation 
length[93,94], . 
The square root of the height-difference correlation function for selected 
samples is plotted in Figure 17a and b.  Data for 0.1, 1.0, and 10 g/L MPD and 0.5 and 2.0 g/L 
TMC are not included in Figure 17; the results for these concentrations were consistent with the 
other data.  For small ρ, G(ρ) is small since the lateral dimension of the polyamide surface 
features are large in comparison to the separation distance; at large ρ, G(ρ) plateaus because the 
polyamide surface features are smaller than the separation distance.   
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Figure 17: Square root of the height-difference correlation function  calculated from 
atomic force microscopy images of polyamide layers formed by interfacial polymerization; ρ is 
the distance between points on the surface.  In (a), curves are labeled by the MPD concentration 
in water for polymerization with 1 g/L TMC in hexane.  In (b), curves are labeled by the TMC 
concentration (g/L) in hexane for polymerization with 20 g/L MPD in water.  
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For a fixed concentration of TMC and varying MPD concentrations below 0.5 g/L, 
is essentially unchanged from the morphology of the bare polysulfone support.  This 
result indicates that for concentrations of MPD below 0.5 g/L, the polyamide layer is either 
absent, exceptionally smooth, or a large fraction of the polyamide forms within the polysulfone 
support and is therefore not apparent in the AFM measurement.  Because γ(t) at long times 
(Figure 12a) indicates polyamide growth, e.g., ≈40 nm thickness at 0.2 g/L MPD, we conclude 
that polyamide synthesized at this low MPD concentration has formed mostly within the 
polysulfone pores.  RBS measurements of average thickness for low MPD concentrations are 
consistent with this interpretation: our RBS measurements of average areal density are mostly 
sensitive to polyamide that has formed on top of the polysulfone support and is relatively 
insensitive to polyamide that forms within the pores of the polysulfone support. 
The roughness of the polyamide layers is summarized in Figure 14b where , for 
each membrane evaluated at a separation distance of ρ = 300 nm, is plotted as function of the 
concentration of reactants.  The length of ρ = 300 nm was chosen as the length-scale at which 
 starts to plateau.  The roughness of polyamide layers increases with increasing 
concentration of MPD for concentrations greater than 0.5 g/L.  However, polyamide layers 
formed with varying TMC concentrations showed a decrease in with 
increasing concentration.  
The roughness of the membranes, prepared as described for Figure 15 with 
polymerization times ranging from 10 to 300 s, were also obtained (data not shown).  Roughness, 
as with thickness in Figure 15, also increases with reaction time.  Consistent with Figure 14b, the 
polyamide roughness decreased and increased with increasing concentrations of TMC and MPD, 
respectively.   
3.6 Membrane Transport 
 Permeation measurements were obtained only for two membranes: 20 g/L MPD and 0.2 
g/L MPD polymerized with 1 g/L TMC.  The permeation measurements were obtained in a dead-
end membrane filtration apparatus (model 8050, Millipore Co.), at room temperature (20−22 
°C), under magnetic stirring, with hydraulic pressures of 0.03 – 0.48 MPa.  An analytical balance 
(BP211S, Sartorius Co., Edgewood, NY) connected to a computer was used to monitor permeate 
G(!)[ ]1/2
G(!)[ ]1/2
G(!)[ ]1/2
G(! = 300 nm)[ ]1/2
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flow rates.  The solute 400 mg/L KI was used at a pH = 6.3, adjusted with HCl and NaOH.  A 
modified version of the solution-diffusion model accounting for advective transport through 
imperfections was used for analysis which is described by Saenz de Jubera et al. [97,98]. 
 Figure 18 shows the flux and rejection results for 20 g/L MPD, 0.2 g/L MPD, and FT30 
membranes.  The FT30 results are reproduced from the dissertation of Baoxia Mi for the flux of 
pure water in Figure 18a and the rejection of KI in Figure 18b [99].  Figure 18a shows that the 
flux of the 20 g/L MPD membrane is much lower than the flux of FT30, while the flux of the 0.2 
g/L MPD membrane is much higher.  The FT30 membrane offers KI rejection greater than 
97.5% while the 20 g/L MPD membrane only reached a rejection of 71.5%, an unacceptable 
rejection for practical applications.  Additionally, the low rejection of the 0.2 g/L MPD at ~10% 
indicates that there is not a sufficient layer of polyamide, consistent with the RBS and AFM 
findings discussed for Figure 14.  The discrepancies between the flux and rejection between the 
20 g/L MPD membrane and FT30 is likely due to post treatment of FT30 as well as the addition 
of a hydrophilic organic layer on the FT30 surface [48].  Further analysis of flux and rejection 
were not completed on additional membranes; however, additional salt rejection and flux studies 
would be good for future work with this project. 
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Figure 18: (a) Flux of pure water through membranes at varying applied pressures and (b) salt 
rejection of 400 mg/L KI.  Membranes labeled 20 g/L MPD (open squares) and 0.2 g/L MPD 
(open circles) were polymerized with 1 g/L TMC while the FT30 data (open red triangles) were 
reproduced from the dissertation of Baoxia Mi [99]. 
3.7 Conclusions 
 In-situ diffuse reflectance measurements at λ=329 nm were used to monitor the growth of 
interfacially polymerized aromatic polyamide layers in real-time.  A simple optical model relates 
changes in diffuse reflectance to optical absorption within the polyamide layer.  Using the 
polyamide thickness measured by Rutherford backscattering spectrometry (RBS) with this 
optical model gives an absorption coefficient for aromatic polyamide of 5.8 µm-1 at λ = 329 nm.  
Changes in optical absorption can therefore be directly related to polyamide thickness.  Within 
≈2 s of polymerization, ~50% of the total polyamide thickness forms for all TMC concentrations 
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studied and for all MPD concentrations >2 g/L.  The polyamide growth rate slows substantially 
at polymerization times greater than 2 s.  Both optical and RBS data show that polyamide 
continues to grow, albeit slowly, up to the maximum reaction time we investigated of 300 s.  At 
low concentrations of MPD, optical data and thickness measurements by RBS detect the 
presence of polyamide but morphology by atomic force microscopy (AFM) does not.  We 
conclude that polyamide forms predominately within the pores of polysulfone when the MPD 
concentration is <0.5 g/L.  
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CHAPTER 4 
POLYAMIDE CHARGE DENSITY 
4.1 Abstract 
 Charge density comes from unpolymerized amine and carboxylic acid groups, which are 
cationic and anionic, respectively.  The proportion of each free group in the polyamide structure 
determines the net charge of the membrane.  The pH of the feed water used for purification 
affects the polyamide by protonation or deprotonation of the free functional groups and 
ultimately the charge density of the functional groups.  The charge density from the carboxylic 
acid groups were studied for membranes prepared m-phenylenediamine (MPD) in water of 0.1– 
100 g/L with a fixed concentration of trimesoyl chloride (TMC) in hexane of 1 g/L and varying 
TMC concentrations of 0.1–10 g/L with a fixed MPD concentration of 20 g/L.  It was observed 
that with increasing concentration of MPD, there is a constant charge density in the near-surface 
region; however, the charge density decreased from 0.3 M to 0.1 M in the bulk polyamide.  TMC 
showed a 30× increase in charge density between 0.1 g/L TMC and 10 g/L TMC in the bulk 
polyamide from 0.02 to 0.61 M.  The near-surface charge density also increased with increasing 
TMC concentration.  The evolution of charge density was also studied for select monomer 
concentrations in a pH range of 3.5 to 10.5.  All membranes in this pH series were fit by a two 
pKa system except the highest concentration of 5 g/L TMC which was fit by a one pKa system.  
The pKa values increased with increasing TMC concentration.  The total membrane carboxylic 
acid content decreased with increasing MPD from 0.42 to 0.20 M but increased with increasing 
TMC from 0.05 to 0.51 M.  The TMC monomer had a large effect on the charge density with the 
highest pH of 10.5 resulting in the highest measured charge density for each concentration 
increasing from 0.04 M to 0.55 M for 0.1 g/L to 5 g/L TMC.  
4.2 Validation of Charge Density Experiments  
 In order to prove the validity of the experimental method used for charge density 
determination, we varied the ion probe concentrations to observe whether the final measured 
charge concentration in the polyamide was independent of the ion probe concentration.  
Previously, Coronell et al. used silver nitrate (AgNO3) for cation tagging of negatively charged 
free carboxylic acid groups by Ag+ and sodium tungstate (Na2WO4) for anion tagging of 
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positively charged free amine groups by WO42- [48].  This section will discuss the use of these 
probes as well as alternatives.  For all experiments in this section, coupons of membranes ~1 × 
1.5 cm2 prepared with 20 g/L MPD and 1 g/L TMC were soaked in 25 mL of an initial 
“concentrated” solution for 6 soaks, 5 min each soak, for a total of 30 min of soak time in order 
to saturate the all of the functional groups with the ion probe.  After each 5 min soak, the 
solution was poured out of the vial containing the coupon and a fresh 25 mL of solution was 
placed into the vial.  Afterward, the coupons were rinsed in a “dilute” solution of the same pH, 
again for 6 soaks of 5 min each soak in order to remove excess, unassociated probe ions.  The 6 
soaks of 5 min were chosen to allow enough time for probe ions to diffuse to all functional group 
sites and all other ions, such as Ca2+, to be exchanged by the probe ion and diffuse out of the 
membrane.  The dilute rinse ensures that the ionic strength of the solution does not influence the 
ionization of the functional groups and thus how the ion probes tag the functional groups [100]. 
4.2.1 Silver Nitrate 
 Silver nitrate (AgNO3, Sigma-Aldrich, ACS reagent, 99+%) was prepared in water at 
2 x 10-4 M, 10-4 M, 10-5 M, 10-6 M, and 10-7 M; above 10-3 M, silver hydroxide precipitates at 
high pH.  At these concentrations silver nitrate dissociates into Ag+ + NO3-; Ag+ was used as an 
ion probe for free carboxylic acid tagging.  All solutions were adjusted to pH 8.0 ± 0.1 with 
sodium hydroxide (NaOH, Fluka, 1N) and nitric acid (HNO3, Fisher Scientific, Certified ACS 
PLUS, 70 wt/wt% in water).  The error in all pHs stated are from drift in the pH meter during 
reading.  The pH meter was calibrated by a two point slope.  Standards of pH 7 and pH 10 were 
used when adjusting to a pH above 7 and standards of pH 7 and pH 4 were used when adjusting 
below a pH 7.  This pH was chosen because previous work by Coronell et al. showed that the 
change in charge density from free carboxylic acid with pH in FT30 reaches a plateau between 
pH 7-8; above pH 8, small changes in pH result in large changes in charge density [48].  The 
concentrations 10-3 – 10-6 M were used as the “concentrated” silver nitrate solutions and were 
rinsed with the “dilute” solution of 10-6 M.  Additionally, in order to determine whether the rinse 
solution concentration affected the membrane tagging, a set of coupons was soaked in 
“concentrated” 10-4 M silver nitrate and rinsed with “dilute” 10-7 M silver nitrate.   
 Figure 19 shows the XPS and RBS concentration results for the solutions rinsed with     
10-6 M silver nitrate solution; these results are the average of three replicates for each 
concentration and the error bars are the standard deviation of the replicates.  All of the silver 
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nitrate solutions gave approximately the same negatively charged carboxylic acid charge density 
of ~0.08 M in bulk by RBS and ~0.33 M in the near-surface region by XPS, except the lowest 
soak concentration of 10-6 M.  Since raising the concentration of the soak solution should not 
alter the measured concentration of negative groups, we determined that any solution above 10-6 
M effectively tags the negatively charged carboxylic acid group and thus Ag+ is a good ion probe 
cation.  A solution of 10-6 M silver nitrate is not a sufficient ion probe possibly because there are 
too few probe ions in the dilute solution to fully ion exchange with existing membrane cations.  
There was little difference between rinsing the membrane with 10-6 M or 10-7 M silver nitrate 
(Figure 19 in red).  The “concentrated” soak had a greater influence than the “dilute” rinse 
concentration on the measured charge density, likely because the concentrated soak step 
exchanged then removed any existing cations from the membrane and the pH of the solution in 
equilibrium with the membrane stabilized the concentration of free carboxylic acid groups.  It 
should be noted that the charge density from the near-surface region by XPS was consistently 
higher than the bulk charge density from RBS.  This is consistent with previous studies which 
have indicated a carboxylate rich surface and an amine rich back, toward the polysulfone support 
[13,19,59,101].  Because RBS analysis is an average of the entire bulk polyamide, the 
determined charge density from silver tagging is the average, even though silver may not be 
evenly distributed within the bulk.  We chose to use a soak concentration of 10-3 M silver nitrate 
and a rinse concentration of 10-6 M for all of our continuing free carboxylic acid tagging 
measurements in order to remain consistent with the concentrations used by Coronell et al. [48].	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Figure 19: Charge density of negatively charged carboxylic acid groups from tagging by varying 
soak concentrations of silver nitrate (labeled in Ag+ M) with a rinse concentration of 10-6 M 
silver nitrate.  The points in red are for a rinse concentration of 10-7 M silver nitrate.  All points 
are the average of triplicates with the error bars denoting the standard deviation of the triplicates.  
Error bars smaller than the point were omitted. 
4.2.2 Sodium Tungstate 
 Sodium tungstate dihydrate (Na2WO42H2O, Sigma-Aldrich, purum ≥99%) was prepared 
in water at 10-2 M, 10-3 M, 10-4 M, 10-6 M, and 10-7 M.  At these concentrations, Na2WO4 
dissociates into 2Na+ + WO42-; WO42- is used as an ion probe for positively charged amine 
tagging.  All solutions were adjusted to pH 3.5 ± 0.05 with sodium hydroxide and hydrochloric 
acid (HCl, Fisher Scientific, Certified ACS PLUS, 38 wt/wt% in water).  This pH was chosen 
because Coronell et al. showed that for FT30, the amine concentration below pH 3.5 reaches a 
plateau [48].  The concentrations 10-2 – 10-6 M were used as the “concentrated” sodium tungstate 
solutions and were rinsed with the “dilute” solution of 10-6 M.  Figure 20 shows the XPS and 
RBS charge density results for the solutions rinsed with 10-6 M sodium nitrate solution; these 
results are the average of three replicates for each sodium tungstate concentration and the error 
bars denote the standard deviation of the triplicates (error bars smaller than the symbols are not 
shown).  The near-surface XPS results indicated that for concentrations above 10-4 M the amine 
charge density was nearly constant.  However, the bulk RBS results show that WO42- 
concentration in the membrane did not plateau with increasing solution concentration, indicating 
that sodium tungstate was not an effective probe for positively charged amine groups in these 
membranes.  Sodium tungstate could be complexing with the carboxylic acid groups.  Tungstate 
complexes have been known for α-hydroxy acids such as L-mandelic acid in which the hydroxyl 
group and carboxylic acid react with tungstate ions in aqueous acidic solutions [102,103].  
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Figure 20: Charge density of positively charged amine groups from tagging by varying soak 
concentrations of sodium tungstate (labeled in WO42- M) with a rinse concentration of 10-6 M.  
Data shown are the average of three replicates with the error bars representing the standard 
deviation of the triplicates. 
4.2.3 Sodium Iodide 
 Sodium iodide (NaI, Fisher Scientific) solutions in water were initially prepared at a 
pH 3.5 with hydrochloric acid; however, it was determined that Cl- competes with I- for tagging 
positively charged amine groups thus resulting in a falsely low measured amine charge density.  
Instead, hydroiodic acid (HI, Sigma-Aldrich, 57 wt% in water, 99.95%) and sodium hydroxide 
were used for adjusting the pH of the sodium iodide solutions to pH 3.5 ± 0.01.  Since the acid 
contains the probe ion, I-, the acid concentration must be considered in the final concentration of 
the solution.  For a solution of pH 3.5, the concentration of H+ is 3.16 x 10-4 M and thus this is 
equally the concentration of I- added while adjusting the pH.  Because 3.16 x 10-4 M is the lowest 
achievable concentration, this is the “dilute” rinse solution studied with sodium iodide.  
Solutions of 10-2 M, 10-3 M, and 3.16 x 10-4 M, were	  used	  as	  the	  “concentrated”	  sodium	  iodide.  RBS and XPS results for the varying concentrations, Figure 21a, indicated a constant 
concentration of measured positively charged amine groups; however, the XPS results indicated 
that the measured iodine was not for ionically bound iodide to amine.  Ionically bound iodide’s 
binding energy is ~619.2 eV [104-­‐106].  Figure 21b shows the iodine 3d peaks for a 20 g/L 
MPD and 1 g/L TMC membrane tagged with 10-3 M NaI.  The lower binding energy of the 3d 
5/2 peak at ~618.6 eV corresponds to the presence of molecular iodide, I2, which would give a 
falsely high iodine concentration in RBS measurements.  I2 could be forming due to oxidation 
from the presence of Cl- in the membrane.  Cl- is a condensation product of the reaction between 
MPD and TMC and is difficult to fully remove from the polyamide layers.  Additionally, the 
higher energy ~620.8 eV peak is may be due to the formation of I3- in the membrane [106] or 
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iodine covalently binding to polyamide [107,108]; both of these situations would result in 
falsely high concentrations of iodine in RBS measurements.  Thus, sodium iodide was not an 
effective tag for positively charged amine groups.  
 
 
Figure 21: (a) Charge density of positively charged amine groups from tagging by varying soak 
concentrations of sodium iodide (labeled in I- M) with a rinse concentration of 10-6 M.  (b) XPS 
peaks of I 3d 5/2 and 3/2 for polyamide tagged with sodium iodide.  The splitting of the I 3d 5/2 
peak indicates the presence of molecular iodide (I2, ~618.6 eV) and either formation of I3- or 
iodine covalently binding to polyamide (~620.8 eV). 
4.2.4 Sodium Bromide 
 Solutions of sodium bromide (NaBr, Sigma-Aldrich, ACS reagent, ≥99.0%) in water 
were prepared at “concentrated” 10-2 M, 10-3 M, and 3.16 x 10-4 M with a 3.16 x 10-4 M “dilute” 
rinse.  The pH was adjusted to 3.5 ± 0.05 with hydrobromic acid (HBr, Sigma-Aldrich, 48 wt%, ≥99.99%) and sodium hydroxide.  The resulting polyamide tagging with Br-, shown in Figure 
22a, indicates that Br- is a possible ion probe since the measured near-surface and bulk charge 
densities are relatively constant with solution concentration.  Figure 22b shows RBS data for 
varying MPD polyamides tagged with 10-3 M Br- and rinsed with 3.16 x 10-4 M at a pH of 
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3.5 ± 0.05.  The scatter of the Br- tagging in Figure 22b indicate that this combination of rinse 
and wash solutions does not accurately tag positively charged free amine groups.  Because HBr 
is used to control the pH of the system and limits the “dilute” rinse concentration, the rinse 
concentration may be too high to remove excess Br- from the membrane causing inaccuracies in 
the measured charge density.  In order to determine an accurate amine-tagging method for these 
polyamide membranes, an alternative rinse method would need to be developed. 
 
 
Figure 22: Br- tagging of positively charged amine groups at a pH of 3.5 ± 0.05.  (a) Charge 
density of positively charged amine groups of 20 g/L MPD and 1 g/L TMC polyamide from 
tagging by varying soak concentrations of sodium bromide (labeled in Br- M) with a rinse 
concentration of 3.16 x 10-4 M.  Data shown are the average of two replicates. (b) Bulk charge 
densities of positively charged amine groups for varying concentration of MPD polyamides.  The 
scatter in the data in (b) indicate that Br- tagging at this concentration of soak and rinse solutions 
does not accurately tag free amine groups. 
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4.3 Concentration of Free Carboxylic Acid in Polyamide 
 Previously we described the effects of polyamide monomers on thickness, growth 
dynamics, and surface roughness; here we will discuss the concentration of free carboxylic acid 
in polyamide membranes as it is affected by those same monomer concentrations.  In these 
polyamide membranes the only contribution of carboxylic acid groups come from the TMC 
monomer.  The evolution of negatively charged free carboxylic acid content will also be studied 
for select MPD and TMC concentration membranes at varying pH.  As discussed in Section 
4.2.1, 10-3 M soak and 10-6 M rinse silver nitrate solutions were used for all carboxylic acid 
charge density measurements.   
4.3.1 Effect of TMC and MPD on Free Carboxylic Acid Charge Density 
 The charge density of free carboxylic acid was evaluated in the near-surface region by 
XPS and bulk by RBS.  As described in Chapter 3, polyamides were prepared from varying 
concentrations of TMC with 20 g/L MPD and varying concentration of MPD with 1 g/L TMC.  
Each membrane coupon underwent the same tagging procedure described in Section 4.2.1 with 
pH 8.0 ± 0.1 silver nitrate.  Figure 23 shows the resulting free carboxylic acid charge density for 
(a) varying MPD and (b) varying TMC, each point is the average of duplicates. Figure 23a shows 
that the bulk charge density of free carboxylic acid decreases from ~0.3 to ~0.1 M from 0.1 g/L 
MPD to 100 g/L MPD.  Since the membranes in Figure 23a are prepared with 1 g/L TMC, the 
higher concentrations of MPD greatly outnumber the concentration of TMC, and thus the trend 
of free carboxylic acid content decreasing with increasing MPD shows that there are fewer 
carboxylic acid end groups from TMC.  The solid red triangle is a comparison of an RBS 
measurement from Coronell et al. for FT30 at a pH 8.5 silver nitrate solution; this point is in 
good agreement with our observations at 20 g/L MPD and 1 g/L TMC [48].  The results for the 
near-surface region by XPS are nearly constant for all concentrations above 0.5 g/L MPD which 
have a charge density of ~0.3 M from free carboxylic acid.  All surface carboxylic acid 
concentration is higher than the bulk since the polyamide surface is always in contact with TMC 
during polymerization.  Additionally, since the all of the membranes prepared in Figure 23a are 
from the same concentration of TMC, it is shown that the surface charge density is constant.   
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Figure 23:  Charge density of free carboxylic acid in polyamide membranes measured at pH 8 
with silver nitrate in the near-surface regions (solid squares) and bulk polyamide (open 
triangles); all points are the average of duplicates.  (a) Varying concentration of MPD with 1 g/L 
TMC and (b) varying TMC concentration with 20 g/L MPD.  The red filled triangle in (a) is the 
comparison of FT30 as measured by Coronell et al. [48]. 
  The results in Figure 23b for varying concentrations of TMC with 20 g/L MPD show 
that the charge density increases with TMC concentration in both the near-surface region and 
bulk of polyamide.  It is again seen that the charge density of free carboxylic acid is higher for 
the surface, which is in contact with TMC during polymerization, than for the bulk polyamide.  
There is a 30× increase in charge density between the lowest concentration of TMC and the 
highest, with a 4.5× increase from the nominal 1 g/L TMC polyamide to the highest 
concentration.  This huge range in charge density suggests that the TMC content can be changed 
to modify the negative charge concentration in polyamide membranes.  In addition, as shown in 
Figure 14, the overall thickness does not change, while the roughness decreases with increasing 
TMC concentration.  A membrane from a high concentration of TMC leads to a smoother, higher 
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charge density membrane, compared to the nominal membrane concentrations; this type of 
membrane could be helpful for fouling issues where source water foulants are predominately 
negatively charged [51]. 
4.3.2 Influence of pH on Charge Density 
 The intent of this study was to determine the pKa and isoelectric points for membranes of 
varying monomer concentrations.  The pKa values indicate the pH at which carboxylic acid 
groups will deprotonate.  The isoelectric point indicates the pH at which the membrane is 
neutral; above this pH the membrane has a net negative charge while below this pH the 
membrane has a net positive charge.  The pH of contaminated feed waters for purification greatly 
alters the chemistry of polyamide membranes and thus affects the flux and rejection 
performance.  Due to the difficulty of using an anionic ion probe, only the cationic tagging with 
silver is presented here and the isoelectric point could not be evaluated.  Membranes were 
studied with MPD concentrations of 1, 5, and 20 g/L polymerized with 1 g/L TMC and TMC 
concentrations of 0.1, 1, and 5 g/L polymerized with 20 g/L MPD.  In order to compare the near-
surface and bulk charge densities, the pH of the silver nitrate solution was varied from 3.5 to 
10.5 ± 0.1 for each membrane.  For pH 3.5 to 9, a silver nitrate solution of 10-3 M was used; 
however, due to precipitation issues, 10-4 M was used for pH 10 and 10.5.  Above pH 10.5 the 
10-4 M solution also precipitated.   
In Figure 24, a-c show the total charge density of the membranes, determined from 
Equations 5 and 7, for MPD concentrations of 1, 5, and 20 g/L polymerized with 1 g/L TMC.  
The dashed lines are calculated from Equation 8, which is used to determine pKas.  Coronell et 
al. determined values of pKa,1 = 5.2 and pKa,2 = 9.0 and CT,C-ROOH=0.43 M for FT30 [48].  For the 
pH series in Figure 24 a-c the values for pKa,1 are 6.0, 6.1, and 5.6, respectively.  The values for 
pKa,2 are 8.2, 8.1, and 9.1, respectively for Figure 24 a-c.  There does not appear to be a trend in 
either pKa values; however, the two pKa system does fit the charge density trend for all three 
membranes.  As discussed by Coronell et al., the two pKa system is consistent with the findings 
of Wamser and Gilbert from contact angle titration [48,101]. Tiraferri and Elimelech also 
showed a two pKa system by quantifying bound toluidine blue O dye in self-assembled 
monolayers [60].  Typically, the pKas of acids such as benzoic acid (pKa = 4.2) and isophthalic 
acid (pKa,1 = 3.7, pKa,2 = 4.6) are lower than the pKas we have observed and there are no simple 
molecules with carboxylic acid groups having a pKa higher than about 5 [109].  Wamser and 
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Gilbert observed a shift toward higher pKa between 6 and 9 for carboxylic acid groups in 
polyamide films and noted that a single pKa value was not sufficient to describe the polyamide 
films [101].  This shift in pKa was attributed to the increased difficulty in deprotonating 
additional carboxylic acid groups after initial deprotonation at a lower pKa [101,110].  This shift 
is similar to that observed for isophthalic acid for which the two carboxylic acid groups are 
identical; however, after deprotonation of the first carboxylic acid at a pKa = 3.7, the pKa of the 
second carboxylic acid is shifted to 4.6, which is still much lower than our observed pKa,2 ~ 8 –
 9.  The value of pKa,1 ~ 5 – 6 in our and Coronell et al.’s work is also still high compared to the 
typically lower pKa ~ 4, for carboxylic acid groups.  The overall higher pKa values are attributed 
to the dielectric constant of the polyamide membrane being significantly lower than the dielectric 
constant of water resulting in the carboxylic acid groups needing more energy to deprotonate, 
which shifts the pKa toward higher values [48,111].   
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Figure 24: (a), (b), and (c) follow the MPD series of concentrations 1, 5, and 20 g/L polymerized 
with 1 g/L TMC.  RBS results (open triangles) were fit with Equation 8.  XPS results (solid 
squares) also could not be described with Equation 8 for which near-surface charge density 
shows a different dependence on pH than bulk.  All points are the average of duplicates. 
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The total carboxylic acid contents determined from Equation 8 were CT,C-ROOH = 0.42 ± 
0.02 M, 0.23 ± 0.01 M, and 0.20 ± 0.01 M for MPD concentrations of 1, 5, and 20 g/L, 
respectively.  The error in CT,C-ROOH is standard error, or standard deviation, as determined by the 
least-squares fitting function by TableCurve 2D [78].  These total carboxylic acid contents are on 
the order of Coronell et al.’s and decrease with increasing MPD concentration, in agreement with 
Figure 23a where the carboxylic acid content decreased with increasing MPD concentration.   
 Although the pKa,1 for 1 g/L and 5 g/L are similar, both pKas appear to be increasing 
toward higher pH with increasing TMC concentration in order of Figure 25a, b, and c.  This is 
additionally shown since the 5 g/L TMC membrane a two pKa system did not fit the data, likely 
because the second pKa is at a larger pH value than was measured.  A one pKa system was used 
to fit the pKa,1 in Figure 25c by n = 1 in Equation 8.  CT,C-ROOH values were 0.05 ± 0.01 M, 
0.20 ± 0.01 M, 0.51 ± 0.04 M, respectively.  This trend in the CT,C-ROOH values toward a higher 
carboxylic acid content is in agreement with Figure 23b where the charge density increases with 
increasing TMC concentration.  Figure 25b has an inset to better view the trend in charge density 
with pH.  The total charge density of the membranes at each pH is greatly affected by the 
concentration of TMC.  The highest pH of 10.5 results in a charge density of 0.04 M to 0.55 M 
for 0.1 g/L to 5 g/L TMC.  These charge density measurements show that although the 0.1 and 
5 g/L TMC membranes are structurally similar by RBS thickness and AFM roughness, Figure 
14, their chemistries are very different. 
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Figure 25: (a), (b), and (c) follow the TMC series of concentrations 0.1, 1, and 5 g/L TMC 
polymerized with 20 g/L MPD.  RBS results (open triangles) were fit with Equation 8, except (c) 
which did not adhere to the two pKa model and was fit by a single pKa.  The inset in (a) is for 
better observation of the small charge density values.  XPS results (solid squares) also could not 
be described with Equation 8 for which near-surface charge density shows a different 
dependence on pH than bulk.  All points are the average of duplicates. 
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4.3.3 Effect of Alternative Chemistries on Charge Density 
 Alternative monomers 3,5-diamino benzoic acid (DABA, Figure 3a) and 3,3’,5,5’-
biphenyl tetraacyl chloride (mm-BTEC,  Figure 4) were used as replacements for MPD and 
TMC, respectively.  The monomer mm-BTEC was prepared by James Herbison from Jeff 
Moore’s group in the Chemistry department at University of Illinois, Urbana-Champaign.  These 
monomers have carboxylic acid groups built in to the backbone, which can be used to increase 
the carboxylic acid content of the polyamide chain.  For the concentrations of DABA, additions 
were made between 0.4 and 2 g/L to total 20 g/L MPD + DABA, i.e. 0.4 g/L DABA was added 
to 19.6 g/L MPD.  Additions of mm-BTEC were between 0.1 g/L and 1 g/L to keep a total 
concentration with TMC of 1 g/L.  Because mm-BTEC is not fully soluble in hexane, 
approximately 3.3 vol% toluene was used to dissolve mm-BTEC then mixed with TMC in 
hexane.  Membranes were successfully formed for all concentrations studied however DABA 
had a solubility limit of 2 g/L so higher concentrations could not be used.  The results for Ag+ 
tagging for carboxylic acid charge density are shown in Figure 26 for DABA (a) and mm-BTEC 
(b).  Neither DABA nor mm-BTEC showed a trend in carboxylic acid content with 
concentration.  These results could indicate that there is little to no effect on charge density from 
the built in carboxylic acid groups in the monomers; however, it is more likely that the solubility 
of each monomer limits this analysis.  DABA appeared to dissolve, but over about two hours the 
solution would begin to precipitate; it is not known whether some DABA remained dissolved 
and was added to the polyamide network.  Although the publications for the preparation of mm-
BTEC [38,41] did not indicate a solubility issue, this monomer was only slightly soluble in 
toluene and did not stay in solution for extended use.   
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Figure 26: Polyamide charge density from alternative monomers 3,5-diamino benzoic acid 
(DABA) and 3,3’,5,5’-biphenyl tetraacyl chloride (mm-BTEC).  DABA and mm-BTEC were 
used as alternatives to MPD and TMC, respectively.  Membranes were prepared from a 
combination of MPD/DABA polymerized with 1 g/L TMC and TMC/mm-BTEC polymerized 
with 20 g/L MPD.  These results confirm a solubility issue with the alternative monomers. 
4.4 Conclusions  
 The charge density of free, negatively charged, carboxylic acid groups in the bulk 
polyamide membrane decreased from ~0.3 M to ~0.1 M with increasing concentration of MPD.  
There are more MPD monomers available to react in the bulk due to increasing MPD 
concentration thus there are less carboxylic acid end groups from the TMC monomer.  In the 
near-surface region, the negative charge density is constant at ~0.3 M due to the surface of the 
membrane always being in contact with the excess TMC monomers.  For increasing TMC 
concentration, the charge density increased both the near-surface region and bulk of polyamide.  
There is a 30× increase in charge density between 0.1 g/L TMC and 10 g/L TMC from 0.02 to 
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0.61 M.  The near-surface charge density is higher than the bulk for both MPD and TMC 
monomer series; however, in the TMC series the near-surface charge density increases with 
increasing TMC concentration since it is in contact with the surface of the polyamide during 
polymerization.   
 The evolution of charge density with pH was studied for five membranes with varying 
MPD and TMC content.  MPD concentration did not show a trend in the pKa values but all 
showed a good fit to a two pKa system.  The pKa values increased with increasing TMC 
concentration where the highest concentration of 5 g/L TMC had to be fit by a one pKa.  It is 
likely that the pKa,2 for 5 g/L TMC was at a higher pH value than was measured in this series.  
Consistent with the results from near-surface vs. bulk of varying TMC and MPD concentrations, 
the total carboxylic acid content, CT,C-ROOH, decreased with increasing MPD and increased with 
increasing TMC.   
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CHAPTER 5 
POLYAMIDE AND POLYSULFONE STRUCTURE 
5.1 Abstract 
 Grazing incidence small- and wide-angle X-ray scattering (SAXS and WAXS) were 
obtained in the scattering vector regions of 0.005 Å-1< Q <0.20 Å-1 and 0.13 Å-1< Q <2.15 Å-1, 
respectively.  Bare polysulfone support as well as polyamide prepared on the on polysulfone 
support was studied.  Nomex® was also measured in the GIWAXS regions as a comparison to 
polyamide.  Measurements were taken at incidence X-ray angles of 0.5° < αi < 2.0° for GISAXS 
and 0.2° < αi < 2.0° for GIWAXS for both polysulfone and polyamide on polysulfone.  In 
GISAXS measurements we primarily observed scattering arising as a function of Qz 
perpendicular (penetrating) to the membrane.  The Guinier approximation was used in the very 
low-Q region of 0.001 Å-1< Q < 0.006 Å-1 to determine a radius of gyration for the polymer 
chains of 83 Å for polysulfone and 80 Å for polyamide on polysulfone; the decreased radius of 
gyration for polyamide on polysulfone is likely due to polyamide making a closer packed 
membrane network.  Between 0.011 Å-1< Q < 0.016 Å-1, a linear region of I(Q) α Q-1.8, 
indicative of mass fractals, was observed for all polysulfone incidence angles of αi < 1.5° and all 
incident angles for polyamide on polysulfone.  The low-Q at which transition to this mass fractal 
region occurs, 0.011 Å-1, indicates the size of mass fractal clusters of d = 570 Å.  There was not a 
large enough linear region for analysis of incidence angles αi ≥ 1.5° on polysulfone.  Between 
0.012 Å-1< Q < 0.1 Å-1, a linear region of I(Q) α Q-3.7 for polysulfone (except αi = 2.0°) and Q-3.6 
for polyamide on polysulfone corresponded to the Porod regime for smooth internal polymer 
interfaces, the less negative value for polyamide is likely due slightly rougher interfaces.  
I(Q) α Q-3.8 was observed for polysulfone at αi = 2.0°; this more negative (closer to -4) value is 
likely due to the deeper X-ray penetration into the back side of polysulfone which has a smoother 
interface.  A transition to the Porod regime was observed at Q = 0.012 Å-1 for αi = 2.0°, which 
correlates to a size of internal polymer interface of d = 520 Å.  For all other incidence angles on 
polysulfone and polyamide on polysulfone, the transition to the Porod regime occurred at Q = 
0.016 Å-1, which correlates to internal polymer interface of d = 390 Å.  Semi-crystalline 
structures were observed in GIWAXS; however, these structures were not further identified.  
One peak was observed at Q = 1.31Å-1 for Nomex®, polysulfone, and polyamide on polysulfone 
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and was attributed to π-stacking of polymers with a spacing of d = 4.8 Å.  In loose, unsupported 
polyamide, a broad correlation peak centered at 1.34 Å-1 corresponded to the average molecular 
spacing, or void size, of d = 4.7 Å. 
5.2 Unsupported Polyamide Layer 
 In order to validate the use of X-ray scattering and develop a basis for polyamide 
characterization for comparison to Singh et al. [68], unsupported “loose” polyamide was 
prepared from bulk monomer solutions of 20 g/L MPD and 1 g/L TMC, the same concentration 
used by Singh et al.  The loose polyamide was collected in a capillary tube in water, and 
measured in transmission wide-angle X-ray scattering and small-angle X-ray scattering (WAXS 
and SAXS).  In the WAXS region observed a broad correlation peak centered at 1.34 Å-1 which 
corresponds to a spacing of d = 4.69 Å, solid black line in Figure 27a.  It should be noted that 
even though we used an in-house X-ray setup, the data is perfectly comparable to that obtained 
by Singh et al. using synchrotron X-ray sources.  We fit a second-order polynomial to a small Q 
range around the peak to do a mathematical background subtraction of the transmission data.  
The WAXS data were similar to that obtained by Singh et al. who also observed a broad 
correlation peak at Q = 1.21 Å-1 (5.19 Å); this was attributed to the average molecular spacing or 
void size [68].  The small discrepancy in our presented average molecular spacing is likely due 
to differences in sample preparation of the polyamide.  Figure 27b shows the SAXS results 
(black line) for loose polyamide versus Singh et al.; the slopes in the data are similar, although 
the synchrotron source used by Singh et al. allowed for much smaller Q to be measured.  No 
further analysis was done for the loose polyamide SAXS data. 
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Figure 27: Unsupported “loose” polyamide from 20 g/L MPD and 1 g/L TMC was measured by 
transmission (a) wide-angle X-ray scattering (WAXS) and (b) small-angle X-ray scattering 
(SAXS).  The red curves are the reproduced data from Singh et al. [68]. In (a), the WAXS raw 
data is shown in the black solid curve.  A second-order polynomial (dashed line) was fit to the 
small Q region surrounding the broad correlation peak centered at 1.34 Å-1 (d = 4.7 Å).  A 
mathematical background subtraction of the polynomial gave the solid blue peak.  Singh et al. 
obtained a similar peak at a Q of 1.21 Å-1 (d = 5.2 Å), which was attributed to the average 
molecular spacing. 
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5.3 Small-angle X-ray Scattering 
 Grazing incidence wide-angle X-ray scattering and small-angle X-ray scattering 
(GIWAXS and GISAXS), were obtained for the polysulfone support and 20 g/L MPD and 1 g/L 
TMC polyamide prepared on polysulfone support.  Incident angles (Figure 6) were studied from 
0.2° < αi < 2.0° (a lower limit of 0.5° was studied for GISAXS).  The scattering at αi = 1.0° is 
shown in Figure 28; although all angles were studied in each scattering region (except 0.2 for 
GISAXS), this figure only shows the angle of 1.0 for comparison of the regions of GIWAXS and 
GISAXS.  Figure 28a is for the polysulfone support layer and b is for the polyamide prepared on 
polysulfone. The peak observed at 0.11 Å-1 (d = 57 Å) in the GISAXS region occurs where the 
detector transition between the three modules, as shown in Figure 7.  
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Figure 28: GISAXS and GIWAXS of (a) polysulfone support and (b) 20 g/L MPD and 1 g/L 
TMC polyamide on polysulfone support obtained at an X-ray incident angle of 1.0.  The peak 
observed at 0.11 Å-1 is caused by the detector modules. 
 The penetration depth of the X-rays at the incident angles of 0.2°, 0.5°, 0.75°, 1.0° and 
2.0° were estimated to be 2.23 µm, 8.30 µm, 12.9 µm, 17.3 µm, and 34.7 µm [112].  Polysulfone 
is on the order of 150 µm thick while the polyamide layers prepared here were shown in Figure 
14a to be on the order of 100 nm thick.  Even the smallest incident angle of 0.2° penetrates both 
the polyamide and polysulfone layers.  Additionally, more thickness of polysulfone is probed 
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therefore the support layer dominates scattering data.  Although polysulfone dominates the 
spectra, the structural information is still of interest for as an ultrafiltration membrane. 
 As discussed in Section 1.4, Equation 1 can be used to determine the radius of gyration of 
polymer chains at our lowest observed Qs by a Guinier plot of log(Q) vs Q2.  Figure 29 shows 
that the Guinier approximation between 0.001 Å-1< Q < 0.006 Å-1 is accurate for incident angles 
except 2° on polysulfone (a) and all angles for polyamide on polysulfone (b).  Using the Guinier 
approximation, the slope for polysulfone scattering, fit using the αi = 1.0° data, was nearly 
identical for all angles except 2° and is given by .  By Equation 1, 
the radius of gyration RG for the polymer chains was determined to be 83 Å.  For polyamide on 
polysulfone, all slopes were identical and given by , which gives a 
RG of 80 Å.  The slightly smaller radius of gyration for the polyamide on polysulfone is likely 
due to polyamide making a closer packed membrane network.  These radii of gyration are in 
good agreement with the 91.5 Å observed in supported polyamide by Singh et al. [66].  Above 
αi = 1.5° in polysulfone, the slope begins a non-linear dependence indicative of aggregation [65].  
This attribution to aggregation of the polysulfone is more clearly seen at larger angles due to an 
increased penetration depth.  Additionally, polysulfone is known to have an asymmetric structure 
with a tighter network toward the surface and greater void size toward the back [91,113].  
Further analysis of the size of the voids has not been completed.  The lack of aggregation seen in 
the polyamide on polysulfone scattering data can be attributed to polyamide filling the 
polysulfone pores and more closely packed polymers, decreasing the scattering from polysulfone 
structures at these length scales.  This is in agreement with the RBS data, which indicated 
polysulfone formed within the polysulfone pores.  
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Figure 29: GISAXS for (a) polysulfone and (b) polyamide on polysulfone at incident angles of 
0.5°, 0.75°, 1°, 1.5°, and 2°.  The Guinier approximate was used to calculate the radius of 
gyration using the slope indicated by the black dashed line and Equation 1.  The non-linearity of 
higher incident angles in (a) are attributed to aggregation of polysulfone.  Figures are labeled 
with the angle of incidence in (a) and are the same for (b). 
 Slopes indicative of the mass fractals were observed in the low Q regions between 
0.011 Å-1< Q < 0.016 Å-1, as shown in Figure 30 between the vertical black dashed lines.  The 
slopes (sloped black dashed line) of all incident angles on polysulfone of αi < 1.5° are similar and 
are given by  for the log-log plot as fit between 0.011 Å-1 and 0.015 Å-1.  
This slope gives I(Q) α Q-1.8, which indicates mass fractal structures [67].  Incidence angles of 
αi = 1.5° and 2° do not have large enough linear regions to fit.  For polyamide on polysulfone, 
Figure 30b, the slope (sloped black dashed line) for all angles is given by 
giving a relation of I(Q) α Q-1.8 , also indicating mass fractal structures.  The Q at which the 
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transition from the Guinier region to the mass fractal I(Q) α Q-1.8 region occurs, 0.011 Å-1, 
indicates the size of the mass fractal clusters is d ~ 570 Å at all polysulfone angles <1.5° and all 
polyamide on polysulfone angles measured.  Singh et al. and are on the same order as their value 
of 356 Å for similar concentrations of TMC and MPD, measured for loose polyamide [68].   
 
Figure 30:  All measured incidence angles except those ≥1.5° on polysulfone gave a linear mass 
fractal region within 0.011 Å-1< Q < 0.016 Å-1 with I(Q) α Q-1.8, indicating mass fractal clusters.  
The lowest Q of this linear region is 0.011 Å-1 which indicates mass fractal clusters of d ~ 570 Å. 
 Slopes indicative of the Porod regime were observed in the low Q regions between 
0.016 Å-1< Q < 0.1 Å-1, except polysulfone αi = 2.0°, which began at 0.012 Å-1, as shown in 
Figure 31 by the vertical black dashed lines.  Although the intensities from polysulfone vary, 
Figure 31a, the slopes (sloped black dashed line) for all incident angles are similar and are given 
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by  for the log-log plot as fit between 0.017 Å-1 and 0.05 Å-1, except 
αi = 2.0° which fit as  (sloped green dashed line in Figure 31a).  These 
slopes give I(Q) α Q-3.7 and I(Q) α Q-3.8, which fall well within the Porod regime for smooth 
interfaces; for αi = 2.0°, the slope is closer to -4, indicative of a smoother interface at the back 
side of the polysulfone support.  For polyamide on polysulfone, Figure 31b, the slope (sloped 
black dashed line) is given by giving a relation of I(Q) α Q-3.6 in the Porod 
regime for smooth interfaces.  The interfaces are rougher, as shown by the slope being farther 
from -4, for the polyamide membranes than for polysulfone alone.  These slopes are in 
agreement to Q-3.7 observed by Singh et al. for polysulfone support [66].  The value of the 
exponent can be used to simulate the dimensions and morphologies of the structures, but for now 
we relate this to describing smooth interfaces of the polysulfone [64].  For all polysulfone and 
polyamide on polysulfone data, the Q at which transition to the linear Porod regime occurs was 
at Q ~ 0.016 Å-1 (d = 390 Å) except αi = 2.0°, where transition to the linear Porod regime begins 
at 0.012 Å-1 (d = 520 Å).  These sizes relate are from scattering from the internal polymer 
interfaces. The larger size of the αi = 2.0° measurement is likely due to the deeper penetration at 
this angle resulting in scattering more from the back side of polysulfone, which has a larger, 
more open structure and therefore would have a larger polymer interface [113].  Additionally, the 
values from the size of the internal polymer interface are similar to that for mass fractal clusters 
(d ~ 570 Å).  This indicates that the polymer network is almost as large as it is open internally, 
meaning that the polymer is very porous.   
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Figure 31: Linear regions were observed between 0.012 Å-1< Q < 0.1 Å-1 indicated by the 
vertical black dashed lines.  Slopes were fit between 0.017 and 0.05 (sloped black dashed lines) 
which gave (a) -3.7 for polysulfone and (b) -3.6 for polyamide on polysulfone.  These slopes 
show that the size of the structures in this interval within the Porod regime for smooth interfaces 
and likely describe smooth internal interfaces of the polysulfone.  Angles labeled Figure 29a are 
the same angles and colors here. The labels of 0.012 Å-1 (only for incidence angle of 2°) and 
0.016 Å-1 show the transition to the Porod regime, which indicate the size of the polymer surface 
interface with d = 520 Å and d = 390 Å, respectively. 
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 Figure 32 shows the GISAXS scattering profile for αi = 1.0° in polysulfone.  We have not 
further analyzed this structure but it is clear that the elongation along the Qz axis is the result of 
ordering in the depth of polysulfone.  This ordering could be between layers or a result of the 
asymmetric polyamide structure.  The elongation along the Qz axis was observed for all 
polysulfone and polyamide on polysulfone measurements at all incident angles in the GISAXS 
and GIUSAXS modes.  
 
Figure 32: GISAXS scattering profile for αi = 1.0 in polysulfone.  Elongation along the Qz axis is 
related to ordering within the depth of polyamide.  
5.4 Wide-angle X-ray Scattering 
 GIWAXS spectra in Figure 33 for (a) polysulfone, (b) polyamide on polysulfone, and (c) 
Nomex® showed scattering indicative of a semi-crystalline polymer.  We have not determined 
the exact lattice for the crystalline portion of the polymer but believe this data can be extracted 
from the current data.  The structures for polysulfone and polyamide on polysulfone are similar 
although some differences appear between 1.45Å-1 < Q < 1.85 Å-1.  We have not elucidated the 
nature of these differences; however, it is clear that the dominant scattering is from polysulfone.  
A peak was observed to be constant at ~1.31 Å-1 (d=4.8 Å) for all three spectra.  We attributed 
this peak to π-stacking of the conjugated polymers, which indicates that there is a separation of 
4.8 Å between sheets of π-conjugated chains.  This π-stacking has been located between 1.28 – 
1.75 Å-1 for various polymers [114-121].   
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Figure 33: GIWAXS on (a) polysulfone, (b) polyamide on polysulfone (c) and Nomex®.  The 
well-defined appearance of many peaks indicates a semi-crystalline polymer structure.  The peak 
at ~1.31 Å-1 (d=4.8 Å) for all three spectra is attributed to π-stacking of the conjugated polymers. 
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5.5 Conclusions 
 A broad correlation peak centered at 1.34 Å-1 was observed in loose polyamide and 
corresponds to a spacing of d = 4.7 Å, attributed to the average molecular spacing (or void size) 
in the polyamide network.  Using the Guinier approximaton from the GISAXS data, the radius of 
gyration of the polymer chains was determined to be 83 Å for polysulfone and 80 Å for 
polyamide; the slightly smaller radius of gyration for polyamide could be due to the closer 
packed structure of polyamide.  At large incident angles, non-linear dependence at very low-Q 
are indicative of aggregation in the polysulfone which could be due to the deeper penetration 
depth of the X-rays in observing the larger sized voids on the back side of the polysulfone.  A 
mass fractal region with I(Q) α Q-1.8 was observed for all polysulfone αi < 1.5° and all polyamide 
on polysulfone angles measured.  The transition from the Guinier region to slopes indicative of 
mass fractals (I(Q) α Q-2) occurred at 0.011 Å-1, which correlates to a mass fractal cluster with 
d = 570 Å at all polysulfone angles <1.5° and all polyamide on polysulfone angles measured.  
The slopes indicative of a Porod regime for smooth interfaces were I(Q) α Q-3.7 for all 
polysulfone except αi = 2°, which was fit by I(Q) α Q-3.8 .  The Porod regime was fit by  
I(Q) α Q-3.6 for polyamide on polysulfone.  The smaller (less negative) slope for polyamide on 
polysulfone is likely due to rougher interfaces, while the larger (more negative, closer to -4) 
value for αi = 2° on polysulfone is likely due to the deeper penetration of X-rays to the smoother, 
more porous, back side of the polysulfone support.  These slopes can be used to estimate the 
dimensions and morphologies of the polymer structures, which has not been examined in this 
study.  The Q at which the transition from the mass fractal regime to the Porod regime occurred 
was used to calculate the size of the internal polymer interfaces to be between 
390 Å < d < 520 Å.  All GISAXS data showed elongated scattering along the Qz axis, which is 
attributed to order in depth of the polymers.  GIWAXS results indicate a semi-crystalline 
polymer for polysulfone and Nomex® while polyamide structures are dominated by polysulfone 
spectra.  A peak at ~1.31 Å-1 (d=4.8 Å) was observed for all three spectra which is attributed to 
π-stacking of the conjugated polymers.   
 This study successfully showed that the in-house X-ray system could be used to study 
supported membranes; however, spectra were dominated by scattering from polysulfone. The 
future of this project is to study polyamide membranes with varying monomer concentrations in 
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order to observe the effect on the polyamide pores.  Additionally, we believe this method can be 
used to study the effect of humidity on the porous structure, in order to more closely imitate the 
polyamide structure while being used in aqueous purification applications. 
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